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FOREWORD. 


In presenting the following inenioii* bused upon the Glaciology of the Victoria Land 
sector of the Antarctic Continent, the writers feel that an apology is necessary for the 
delay in its publication and for its many shortcomings. 

Idle work has, however, been carried out under great difliculties. Hardly had it been 
commenced when the Great War broke out. Both the writers had to relimiuish 
all extra-European interests for, in the one case live, and in the other six, years. To this 
obstacle to quick and thorough work must be added the fact that, since the concluHion 
of the war, the memoir has ha<l to be c-omjileted in the moments left free from post-war 
avocations pursued in different places. The frequent consultations necessary for perfect 
collaboration have not been possible. Only at considerable personal inconvenience 
has the minimum co-operation essential for a joint publication been achieved. Such 
conditions liave necessarily caused much delay, an<l the result is also reflected in the 
quality of the matter jiroduced. 

The form of the book, as expressed in the arrangement of its contents, is perhaps 
unusual in a memoir purporting to be the direct result of the observations of a single 
expedition. It was, however, adopted after <M)nsiderable thought, and the autliors still 
believe it to be the best possible in tlie circumstances, and bearing in mind the need for 
economy, ddie desirability of discussing the mum of the phenomena oliserved has 
always been borne in mind, and, so far as possible, detailed ilesc.riptions of jiarticular 
ice formations have been avoided. 

A natural sequence for the study of all snow and icii foi'ins has been sought. 
Stages ill the changes from freshly precipitated snow, or from water, and the 
icc formations themselves, have been discussed with particular refereiuxi to Antarctic 
examples met during the particular expeditions on which one or other of the writers 
have served. The creation of fresh definitions has been avoided so far as possible, but 
an attempt to formulate a goneti(5 classiftc-ation of Land-Jee formations, capable of 
application to all stages of the glacial cycle in all countries, has been considered essential 
to clear thought. The adoption and repetition of certain definitions of Sea-I.<.Hi types, 
formulated elsewhere by J. M. Wordie after discussion with the writers, has seemed 
desirable as a further step toward the standardisation of the very vexed nomenclature 
of this subject. 

It is the desire of the authors to point out at the commenccmeini of the memoir 
that the observations and deductions it contains are not based upon the study of one 
small region of the Antarctic Continent, In the course of two Antarctic Expeditions 



each, has gained a thorough knowledge of the ice conditions within the Ross Island - 
Ferrar Glacier-Minna Bluff triangle, the best known district of East Antarctica, 
where ice formations of almost all types are represented, some of them in a very 
speciaUsed environment. In addition, one or other of the writers has visited regions 
so far apart and so diverse as the Beardmore Glacier region, the Terra Nova Bay region, 
the Robertson Bay region, and the eastern extremity of King Edward VII land.* In 
addition, we have had the good fortune to enjoy the friendship and utilise the observations 
of those members of the expeditions who have penetrated beyond the ice divide of the 
Great Plateau. Much information has also been obtained and freely used from 
previously published memoirs of other expeditions, to the authors of which our acknow- 
ledgment is made from time to time in the text of this volume. 

Finally, all would not be said if we failed to acknowledge the great debt due from 
us to our late leader, Captain Scott. Never in the history of Polar exploration can the 
scientists of an expedition have drawn their inspiration from, or owed the opportunity for 
their work to, a leader whose insight into pure science made him so well able to appreciate 
the results of their researches. Never can there have been a leader who has personally 
contributed so much towards the scienti&c results made possible by his own energy and 
efforts in geographical discovery. 

The calibre of the southern party of Scott’s last Expedition was proved when, 
beside their bodies, was found the treasured bag of geological specimens they had 
refused to jettison when all went wrong with them and hopes of ultimate safety 
disappeared. So, right to the end, amongst the intimate thoughts recorded in their 
journals, may be found many gems of information — shrewd observations made even 
at the point of death — on every branch of science which fell within their range of 
observation. Glaciology, as every other science, owes a great debt to Scott and his 
comrades. It might have owed a greater debt, but for the limitations of those of us 
who have survived to write up the records. 

From the inception of the Expedition, Captain Scott was impressed with the 
importance of Glaciology. He, himself, had made considered attempts to explain 
the origin, mode of ahmentation and prehistory of such great ice formations as 
the Ross Barrier and the many masses of Shelf-Ice towards whose accurate charting 
he had done so much. To his insistence on these points was due the appointment of 
a physicist to serve as glaciologist to the Expedition.^ It was he, again, who insisted 
upon the inclusion in the northern party of a member who had had some previous 
experience, both from the practical and from the scientific point of view, of Antarctic 
ice.J In the many discussions which took place at Winter Quarters at Cape Evans, 
his contributions were always of scientific importance. He was, it is beheved, the firsb 
man to put forward the theory — since accepted by many eminent glaciologists — ^that 
the recent partial deglacierisation of the Antarctic Continent has been due to decreased 

* See general map of E^st Antarctica in tlie folder at tlie end of the memoir (Map 1). 
t C- 9* Wright, J E. E. Priestley. 
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temperature, with consequent diminution of precipitation in the continental region 
about the Pole. His own writings are full of accurate descriptions and lucid explanations 
of glaciological phenomena. 

No more fitting tribute could be paid to the memory of Captain Scott than an 
adequate presentation to the public of the observations in the collection of which he 
played so large a part. Truly a monument more enduring than brass. 


While we hasten to acknowledge the debt we owe to the scientists of the Expedition 
(and also to many who never claimed the name of scientist), for the observations they 
have recorded and the help they have given, it is fitting that we should also record our 
thanks to those exponents of the art of photography to whom we owe the illustrations 
that add to the value of the memoir. Ponting’s beaxitiful illustrations are of world-wide 
fame. I^erhaps even more valuable from the scientist’s point of view are the faithful 
reproductions of glaciological features which we owe to less eminent photographers, 
among whom G. M. Levick and E. Hebenham stand out pre-eminent. ^I’o those artists, 
and to others whose photographs have been less freely used, our thanks are due. Against 
the individual photographs have been recorded tlie names of the men who took them. 

The memoir is strictly a joint work with equal contributions from the two authors, 
one of whom has been trained as a geologist and the other as a physicist. It is hoped 
that the value of the work will be enhanced by this (sombi nation, to wliich circumstance 
the unusual form of the report is in some measure due. W'ith the e.xception of isolated 
paragraphs. Chapters I to IV, VJ fl and the se<5ond lialf of (lliapter XIll have been 
written by one of us (0. S. W.) ; Chapters V, VIT, IX to Xlt and the first ]mrt of 
Chapter XTII by the other (H. E. P.). Those portions of Chapter ViJ dealing with 
Continental-Ice, Island-Ice, Highland -Ice and Bhelf-Ico are the work of the former ; 
the sections on Piedmont-Ice, Confluent-loo and Ice-Tonguos, of the latter. As can 
be clearly seen, the notebooks of both have been drawn upon impartially throughout. 
As one of the authors is writing up the Physiography of the Kobertson Bay and Terra 
Nova Bay regions, examples have been mainly chosen from those two areas, in order 
to make quite certain that overlapping is reduced to a minimum. In all cases where 
explanations of phenomena are given both the writers are in agreement. 


There remains the question of the future. No one could realise more clearly than 
the authors that the last word has not been said on Antarctic Claclology. The present 
economic state of the civilised world is likely for some time seriously to hinder 
geographical and scientific exploration on a large scale. Nevertheless, before generalisa- 
tions can be drawn from Antarctic glaciological facts and applied to the climatic history 
of the earth, extended observations over a largo number of years and over a greater 
range of territory are required. 



The variability of the seasons and of the local environment at Antarctic stations 
is such that most of our observations are open to the criticism that their legitimate 

restricted to a comparatively small range, both as regards time and 
place. If geographical activity continues throughout the rest of the present century 
as in the first twenty years, the end of that period should see mankind in a position to 
draw the appropriate deductions from Antarctic observations, and to apply tl).em with 
some certainty of success both to Antarctic prehistory and to the elucidation of the 
palaeo-climatology of the world in general. Not only so, but Antarctic Glaciology must 
go hand in hand with Antarctic Meteorology in clearing up the weather problems of 
the southern hemisphere and, indeed, of the greater part of the world. It is foolish to 
hope to be able to forecast the weather of Australia, South America and South Africa, 
if the effect of the great reservoir of cold about the South Pole is ignored, or only partially 
understood. Associated with this great reservoir of cold, controlled undoubtedly 
in great degree by the sheet of Continental-Ice which caps it, flow the winds which 
dominate the air circulation of a large portion of the globe. 


To lovers of Polar exploration and devotees of Polar science, there is one thing 
above all others which should give comfort and hope for the future. Without flourish 
of trumpets, indeed, to exert its greatest effect, with far too little advertisement, there 
has been born at Cambridge, through the far-sighted policy of the Trustees of the Scott 
Memorial Fund, the JPolo/f Resectfch InstitutB. Properly exploited and properly served, 
this institute ^already in being — ^will prove a nucleus to which should gravitate all 
that is best in past, present and future Polar work. As a repository of records, as a centre 
of research, as an inspiration to future scientists and explorers who direct their attention 
to the “ ends of the earth,” it should prove indeed invaluable. The original MS. and 
photographs, diaries, notebooks and other records used in compiling the present memoir 
will be deposited there under the care of the Director. It is hoped that this precedent 
will be followed by aU workers in this particular branch of science. Should this be 
so, the work of discovery within the Arctic and Antarctic Circles— still the least known 
regions of the earth should proceed apace, and the researches of the future be no 
longer handicapped, as too often they have been in the past, by the absence of continuity 
of record. 

R. E. PRIESTLEY. 

C. S. WRIGHT. 

Polar Research Institute, Cambridge.* 

July, 1922. 


* OoixespoudeiLce in connection with the following memoir will be forwarded to the Authors if 
sent to c/o The Polar Hesearch Institute, Cambridge. 
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CHAPTER I. 


SNOW AND ITS DERIVATIVES. 

Meterological Data. 

Before proceeding to a discussion of the occiirreiKJC and supply of snow on tlic 
Antarctic Continent, it is necessary to review in some detail the meteorological data 
bearing on this subject, so far as they arc known, 'riie data in question will bo found 
in the Meteorological Reports of the present expedition, where they are given in full. 
Only those conclusions which seem to be of chief importance will Imj briefly reviewed 
in the present memoir. 

(1) Vertical Distribution of Temperature in the Atmosphere. 

Our knowledge of the temperature gradient in the atmosphere is derived from 
meteorological observations during balloon flights, and from the readings of spcc.ial 
self-recording thermographs attached to small balloons released from various nud-eoro- 
logical stations. In Table I is set down the gencruJised result of observations made in 
temperate latitudes. 

Tajjle I. — Mean fall of temperature, with lieiglit at suc(5(‘Hsiv(‘, lisvels, in degrees 

centigrade per kilometre. 

0- 1 km. 

1 - 2 

2- 3 

3- ^ 

4- r> 

5- 6 

6- 7 

7- 8 

8- 9 

9- 10 
10-11 
11-12 

12- 13 

13- 14 

Mean 0-9 km. 

It will be seen that, up to a height of 4 km., the average decrease in temjierature 
per 100 metres is about 0-62® 0. At this point an increase in gradient to about D'Oe" C. 


C.-^ 

♦8'’ C. 1 ,, 

•8“ c. r 
■ 0 " oJ 

I 


5 * 3 ' 

4 
4 
6 

6*3 ’ C. 

6 ‘6'^ C. 
7*0'’ C. 

6-6^’ cJ 
6 - 8 *’ 0 . 
6-3” C. 
3-5° C. 

0-r c. 
0*2° C. 
0-3“ C. 
6-r C, 


Mean 5*2" 0. 


Mean 6-0'’ 0. 



per 100 metres sets in, and at about 8 km. tbe maximum temperature gradient occurs. 
Above this height, the temperature gradient rapidly decreases until the isothermal 
layer is reached at a height between 11 and 12 km. Here the gradient becomes zero, 
or may even be reversed in sign. 

These facts are explained by Gold* in the following manner. At all points below 
the isothermal layer, radiation from the air exceeds absorption in it, and the deficiency 
in energy is such as can be made up by convection from the earth’s surface and by 
condensation of water vapour. This deficiency (radiation minus absorption) becomes 
less with greater altitudes and finally, in the isothermal layer, a position is found where 
radiation and absorption are equal and convection currents cease to become operative. 

In his paper. Gold further notes that the height of the isothermal layer will be 
greater the greater the absorbing power of the atmosphere for terrestrial radiation. 
This is important to us, in that it seems clear that the Antarctic air, with its low 
temperature and consequent small content of water vapour, might have a small 
coefficient of absorption ; and one might, therefore, expect to find the isothermal 
layer in the Antarctic at a significantly lower level than in lower latitudes. Such 
observations as have been made point to the same conclusion, since it is known that 
over the Equator the isothermal layer lies at a height of 17 km., and, in our own 
latitude (50° N.), at a height of 11-12 km. Observations at Kiruna (67° 60' N.)f give 
a height of 9 • 8 km. for the lower limit of the isothermal layer, and the inference therefore 
is, that the latter may become progressively lower as either Pole is approached. 

Unfortunately the isothermal layer was never reached by any of the balloons 
sent up by Dr. Simpson from our winter quarters at Cape Evans, the highest recovered 
record being from a height between 6 and 7 km., on December 26th, 1911. 

It seems to be well established, however, that the summer temperature gradient 
up to this height is practically the same as that observed in temperate regions. This 
fact, considered in conjunction with Gold’s prediction that there is a limiting 
value to the temperature of the isothermal layer (a value which from known data may 
be calculated as — 80° C.), leads us once more to the tentative conclusion that the 
isothermal layer in the Antarctic may be at a comparatively low altitude. 

The observations made by Dr. Simpson show$, as stated above, that the summer 
temperature gradient at Cape Evans is nearly the same as that observed in lower 
latitudes, the mean of all the summer balloon ascents giving the following results : — 

(1) A mean gradient of 0*68° C. per 100 metres up to 2500 metres. 

(2) Above this, a reduced gradient of 0*54° C. per 100 metres ; followed by 

(3) An increase in gradient. 

During calm weather in the winter, a temperature inversion is always observed in 
the lowest layers close to the ground, or snow surface. This is due to cooling of the 
air layers in contact with the surface by radiation. 

* ‘ Proo. Eoy. Soc.,’ A, vol. 82, 1909. t Maurice, C.R., 166, March 13, p. 738. 

t ‘ Meteorology,’ vol. 1, p. 41 et seq. 
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Any blizzard or sufficiently strong wind sweeps away this surface layer and causes 
a thorough mixing of the surface air and the superincumbent layers, with consequent 
rise of temperature, establishing by this means a gradient similar to that existing in 
the summer months. As soon as the wind ceases in the winter months, a fresh layer 
of cold air at once commences to form at the surface through radiation, only to be 
swept away in its turn by the next blizzard. 

From the evidence which has been brought forward by Simpson, it is, however, 
clear that the large temperature difference which exists in the winter months 
between the Barrier and the Ross Sea must decrease with increasing height, and there 
is every reason to believe that, at a height of 4000 metres, this difference of temperature 
will be very small or non-existent. 

In the summer months a cold layer cannot form, owing to solar radiatiorj falling 
on the surface and to the convection currents caused in the atmosphei’e by the rise of 
the heated air. Even during the winter it seems impossible tliafc there should be an 
inverted temperature gradient in the surface layer over open sea, owing to the 
comparatively high temperature of the sea and the tiioroiigh mixing caused by 
convection currents. 

(2) SlJlli’AOE 'rEMPKRATUBIi. 

From the above it will be clear that the surface temperatui’cs must be largely 
dependent on the radiation received by and emitted from the earth, a.nd that tlie 
altitude of the suii is the chief determining fac.tor in summer. A fa(dior of very gmit 
importance, however, is tlie physi<uil c.ondition of the surface which is absorbing and 
radiating energy. So much is this so that a chung(‘, in the physical properties of this 
surface will involve a change in the observed surface temperature. A surface of low 
thermal conductivity and low specific heat will ho very efT(?c.tive i n raising the teniperatun*, 
of the air in contact with it while it is retjoiving energy from the sun, and equally elTe(?tivc 
in cooling the air by radiation when tlie sun is below the Iiorizon. A ciovering of loose 
powdery snow will thus cause greater variations in surface air temperature for a given 
change in solar energy than will a sheet of wattu* or of solid ice. 

This is indeed found to be the case, the variations in air temperature on the Ross 
Barrier during the day being two to three times as great as the cornisponding 
variations at Cape Evans. The daily variation of timiperuture on the Bfirrier is, 
in fact, comparable with that observed near the Equator, notwithstanding the 
relatively small daily variation in insolation in these high hititudes. 

It is important to note that the maximum temperature on the Barrier on a clear 
summer day is little less than that observed at Cape Evans, while the tninimum 
temperature is far less. Similarly, there is little difference in th(» mean temperature of 
these two regions during the summer months, while the Barrier has much the lower 
mean temperature during the winter. 

There is no reason to doubt, however, that if the sea were frozen ov<!r and tJie 
sea-ice covered with a sufficient thickness of light dry snow, tiie tempcirature 



range during tine day over McMurdo Sound would be practically the same as that on 
the Barrier. The high specific heat and high thermal conductivity of bare sea-ice 
and sea-water thus operate in preventing large variations of temperature. 

It is possible, also, that the decreased specific heat of ice at low temperatures* 
may play some part in increasing the temperature range, particularly on the Antarctic 
Plateau. 

Further evidence of the close relation between solar radiation and mean temperature 
on the Barrier is given by the fact that the curve of annual temperature lags only eight 
days behind that representing the variation of received solar energy. 

These facts unite to raise a suspicion that the atmosphere in the Antarctic may 
be more transparent for heat radiation than the atmosphere in lower latitudes. 

(3) Kadiation and Absorption. 

The solar constant (“ S ”) is defined as the number of calories received per minute 
by a square centimetre surface placed perpendicular to the sun’s rays at the boundary 
of the atmosphere when the earth is at its mean distance from the sun. This constant 
has been evaluated by many observers, notably by Abbott and Fowle,t and the value 
may be taken as approximately 1 • 922 calories per minute. The inherent difficulty in 
the experimental evaluation lies in the fact that the coefficient of absorption of the 
sun’s rays by the atmosphere is not known, and indeed almost certainly varies, not 
only from day to day, but also from hour to hour. 

The mean value of “ S ” on the earth’s surface lies not far from one calorie per 
square centimetre per minute, and is dependent on the thickness of air traversed, 
to some extent on the humidity of the air, and on the amount of COg in the atmosphere. 
The energy absorbed in transmission is approximately proportional to the total mass 
of each constituent of the atmosphere. Oxygen and nitrogen absorb very little, and 
there is reason to believe that molecular scattering is sufficient to account completely 
for the loss of solar radiation at levels above that of Mount Wilson, say, 6000 ft.,t 
except in the ultra-violet region, where there is considerable absorption due to ozone § 
in the upper atmosphere. 

It is clear that the total amount of the “ dust ” (which absorbs the longer wave- 
lengths at low levels in low latitudes) |1 and, the water vapour may be small in the 
Antarctic. It is, therefore, reasonable to suppose that absorption of the sun’s 
radiation by these factors is likely to be less marked in the Antarctic than, say, at 
the Equator. Observations of the percentage content of CO 2 in high southern latitudes 
are almost entirely lacking, the exception being occasional measurements during the 
French Expedition of 1908, when Gourdon found that the COg content at winter 

* See Appendix, page 476, 

t ^ Astrophys. Joiirn,,’ XXXIII, April, 1911. 

t L. V. King, ‘ Trans. Roy. Soo.,’ A, vol. 212, p. 429. 

§ Rayleigh, ‘ Nature,’ July 8, 1920. 

II L. V. King, loo. cit. 
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quarters was only 2*05 per 1000, compared with 2*56 at Cape Horn, and 2*82 in 
Europe.* 

We might, therefore, expect a larger proportion of the available sun’s radiation 
to reach the surface in Polar regions than in Europe, for instance, were it not for the 
obliquity of the sun’s rays in these high latitudes. In 'liable II is showi\ the relative 
total radiation received at different latitudes, on the assumption that tlie atmosphere 
transmits the whole of the radiation from the sun. 


Table II. 


Latitude. 

TIi<‘rnial Hays. 

Latitude. 

Thonniil Days. 

0" 

306*2 

no 

249*7 

10“ 

300*2 

00 

207*8 

20“ 

346*2 

70 

173*0 

30“ 

321*0 

80 

160*0 

40“ 

288*6 

90 

161*0 


SOLAR RADIATION 
*0 

CALORICS 


This Table represents the total amount of radiation which would full during the 
whole year on a square centimetre surface placed perpcndicndar to the sun if there 
were no atmosphere. The numbers there given, therefore, require modification, in 
order to take into account the effect of the greater absorption by the atmosphere, dm^ 
to the low altitude of the 
sun in high latitudes and 
the consequent greater per «q. cm.per min. 

thickness of air traversed. 

Kingf has drawn the 
curves reproduced in Eig. 1 
to show the variation in 
the incident total radiation 
with the sun’s altitude. 

These are cahnilated from 
data obtained at Mount 
Wilson in the United 

States, and it will l)e seen ™‘- 1"'' 

that at very low solar — Total ml^^UKityof Holar radiation iior Hq. om. [mm* min- on a hon/.t»utnl 

altitudes, the “ sky radia- oit» 

tion ” on a horizontal — ^TotitlradiationofsunaiulHkyporKq. nm. p»^rniin. 

plane is more intense than that from the sun itself. 

Erom Table II the total yetirly insolation on a square centimetre perpendicular 
to the sun’s rays at Lat. 80" S. Is seen to be only 43 per ccTit. of the available quantity 

♦ ‘ Expedition Antarotique BVanyaise, 1903-6,’ ‘ Glaciology, 1908.’ 
f Ijoc, cit. 
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at the Equator ; and from a consideration of the curves in Fig. 1, it is clear that the actual 
quantity incident on a level square centimetre surface will be considerably smaller. 

Systematic observations of the intensity of radiation in Antarctic regions seem to be 
quite lacking, but we may gain some idea of the magnitude of the effect from a 
consideration of isolated observations. 

(a) Observations with solar radiation black bulb thermometers . — ^In the ‘ Discovery 
Meteorological Report ’ (p. 469) we find the data shown in Table III : — 


Table III. 


Date. 

Temperature in Degrees Fahrenheit. 

Large Black Bulb Thermometer, 
(average maxima). 

Air Temperature. 

1902— 

O 

O 

September 

40 

—12-0 

October 

69 

- 8-6 

November 

103 

-12-0 

December 

123 

231 

1903— 



January 

120 

26-1 

February 

97 

11-2 

March 

63 

0-8 


The mean reading of the black bulb thermometer for December, 1902, is seen to 
be 123° F., corresponding to a mean air temperature of 23*1° F. — a difference of 100° F. 
On December 21, the absolute maximum of the radiation thermometer was 154° F., 
corresponding to a mean air temperature of 17 • 8° F., a difference of 136° F. Such a large 
difference as this is seldom observed, even near the Equator, where the sun’s rays have 
to traverse only half as much atmosphere at noon as they do at the Discovery Winter 
Quarters in McMurdo Sound. At mid-day, on December 21, the maximum solar 
radiation is to be expected (the zenith distance being then about 54^°). Calculation 
shows that the maximum radiation is then only 68 per cent, of that which would be 
expected, cet. par., at the Equator when the sun is in the zenith. 

(6) Confirmatory evidence of the importance of radiation is furnished by observa- 
tions of the air temperatures at which ice, lying on black rocks, begins to melt in the 
sun’s rays. The observations are sporadic in character, the most striking effect seen 
by us being noticed on October 13, 1911, at 4 p.m., melting takiag place with an air 
temperature of 0° F., while the sun had an altitude of only- 12°. (The actinometer 
time*, at this moment, is given as 5 secs). 

(c) A further indication of the diathermancy of the atmosphem in the Antarctic 
is derived from data on certain of the sledge journeys, obtained by means of the 
photographic device called the actinometer. The type used by the Expedition was the 
“ Watkins’ exposure meter,” in which the intensity of the Hght, for photographic 

* See hdow. 
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purposes, is estimated by counting the number oE seconds required for a strip of 
sensitised paper to darken to a certain tint in direct sunlight. At first this little 
instrument was used only when photographs were to be taken, but later, on the main 
southern journey, a regular routine was observed, and the actinometer time was taken 
as a measure of the amount of radiation (of wave-length capable of affecting the 
photographic paper), reaching the earth’s surface at different times. Tlie results 
showed that the actinometer time given at noon, on the Barrier, is, at times, little 
greater than that obtained with the same instrument on the clearest clays in a cilirnate 
such as that of California. The numbers obtained on the Barrier wore lower than those 
observed on sledge journeys in the neighbourhood of the Western Mountains, and 
about one-half those observed on the (dearest summer days in England. 

An interesting single observation with the actinonietcr leads one to suppose that 
the intensity of radiation of these wave-lengths on the plateau, 0000 feet above 
sea-level, is but little greater than that received under similar conditicms on the 
Barrier, though a smaller amount of air and water vapour has liere to be traversed 
by the sun’s rays. This conclusion, though based on very slender evid(mc.e, is worthy 
of mention, as bearing on the view that the air in the Antarctic, which ciontains so 
little moisture, may transmit a very large proportion of the radiation from the sun. 

This suggestion, that the Antarctic atmosphere is particailarly transparent to the? 
sun’s rays, seems to be in dircuit contradiction to the results of Ij. V. King,* that 
scattering in the atmospliere is able to account for t-lu’s observed absorption. King’s 
results, however, apply to conditions above the levcd of Mount Wilson, wliere the 
atmosphere is free from dust, and to thc^ shorter wave-lengths, 'riiough the maximum 
of the energy wave-length curve, as mcMisured on the eaith, does licj in the visible range, 
it docs not seem impossible that water vapour and oxone may exert a significant 
influence in absorbing energy emitted by the sun, tliough their absorption hands lie 
in the infra-red and ultra-violet. Tt is, however, certainly difii<uilt to see how the 
absorption of the ultra-violet radiation could be less in tluj Antarctic, than (ds(nvhere. 

As mentioned previously, a factor of greater importaiiKJC thati the total imudent 
radiation, when we arc considering the absorption of the radiation by the surface on 
which it falls, is the physical condition of the surface upon which the radiation falls - 
that is, its specific heat and its coefficients of absorption and of reflection. It is clear, 
for instance, that radiation falling on a black rock surface is very strongly aibsorbed, 
and that the surface of the rock will bo considerably heated. On the other hand, a large 
part of the radiation which falls upon a white snow surface is reflected back into sj)iw;e, 
the snow surface being thus less heated. 

On bright sunny days during the Antarctic summer, areas of exposed rock of quite 
small extent were commonly heated so strongly by the sun, that the vertical convection 
currents set up in the atmosphere above them caused the fonnation of dense cumulus 
clouds at an elevation of about 1000 feet. (Plates I and 11.) Excellent examples of such 
areas which may be cited are the peninsulas of Cape Royds and Cape Barne. These, 

♦ Loc. ait. 



situated as they are within a few miles of Cape Evans, were constantly under observa- 
tion during the summers of 1910-11, 1911-12 and 1912-13. Such cumulus clouds are 
also commonly seen over water holes in a sheet of East-Ice. The occurrence of these 
local cumulus clouds in the Antarctic over rock masses is undoubtedly due, not only 
to the powerful radiation, but also to the fact that the sun’s altitude is always so low 
that the clouds thus formed over such small areas are not of sufficient extent to shade 
them. 

Absorption of Long Wave Radiation. 

When considering the absorption of radiation from the sun in our atmosphere, it 
was stated that the maximum of the sun’s energy curve lay in the visible spectrum. 
This is not true of the radiation from the earth, the energy maximum of which, on the 
contrary, lies in the infra-red. For radiation from the earth, the infra-red absorption 
bands of water vapour are clearly of predominant importance ; though absorption 
by CO 2 exists at wave-lengths close to 15/*, it seems doubtful if its importance is great. 
On the other hand, ozone also has an absorption band very close to the wave-length 
where the energy curve for the earth’s radiation is a maximum. Clearly then, the joint 
efEect of these three is of much greater importance in absorbing the earth’s radiation 
than the radiation from the sun, so that a poverty of water vapour, COg, or ozone, 
in the earth’s atmosphere would probably have a notable efiect in lowering the surface 
temperature during the Antarctic winter months, particularly in view of the small 
heat conductivity and specific heat of a loosely compacted snow surface, such as exists 
on the Ross Barrier or on the Polar plateau. 

(4) The Main Antarctic Circulation. 

The meteorological observations of all the expeditions which have worked in the 
Ross Sea quadrant, together with those of Drygalski, Bruce, and Nordenskjold, show 
that the general drift of the air at sea-level, on the edge of the continent, is south- 
easterly — ^that is, the wind blows in general from some point in the S.E. quadrant. 

By far the greater portion of the air displacement takes place from this quarter, 
and the south-easterly gales frequently blow with great force for several days on end. 
The most reasonable explanation is, that these gales are caused by a glacial 
anti-cyclone which dominates the continental circulation — ^the air flowing outwards 
radially from the great Antarctic plateau. 

Above each anticyclone a cyclone forms, on account of the relatively rapid vertical 
temperature change caused by the cold dense air. These cyclones convey air from 
higher latitudes to the Antarctic Continent, and supply the air which passes outwards 
near the surface.’*' It is important to note, however, that nowhere does the 
Antarctic Continent pierce through the anticyclone. 

Such a main system of circulation, if uncomplicated by other forces, might be 
e 3 q)ected to give rise to a series of winds blowing from nearly due south. The easterly 
component, which is superimposed upon this simple system, may be attributed to the 
effect of the rotation of the earth. 

* ‘ Eeport OD. Meteorology,’ vd. I. 
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The one other sheet of Continental-Ice* on the surface of the earth is to be found 
in Greenland, and here the work of Nansen, Peary and others has proved the lower 
air circulation to be similar to that just described as occurring in the Antarctic, The 
cooled air flows radially off the elevated dome of the ice capping, the direction of the 
winds coinciding roughly witli the line of greatest slope. 

Objections to Hobbs’ view*)', that a glacial anticyclone lies everywhere above the 
Continent, have been raised, on the grounds that an aiiticyclonic pressure distribution 
demands an excess of evaporation over precipitation ; whereas it is known that immense 
masses of ice are yearly discharged into the sea in the form of icebergs, so that precipita- 
tion must, in fact, exceed evaporation. 

As pointed out by Dr. Simpson^, precipitation of snow can take place on the 
surface in the manner postulated by Hobbs, and there seems no doubt that prcc.ipitation 
of this t 3 rpe does occur in the Antarctic. Tlie amount is, however, small, and greater 
snowfalls would occur if air <;lose to the ground were, in any manner, forced to move 
faster than that in front of it. Such an acitioii would cause the air behind t-o rise and 
precipitate a portion of its moisture in the form of snow. As will bo seen later, the 
pressure distribution acujompanyiug blisszards provides the mechanism for such a 
movement. It must be emphasised, however, that the factor predisposing to snowfall 
which operates most strongly in winter is powerful radiation from the snow surfaces. 

There can be little doubt that, at least in winter, tlui chief formation of snow takes 
place in the early port.ion of bli2iJ^ards, except in the case of coastal regions near the 
open sea. Dr. Bimpson has, in his lieport, given a full exposition of the cause of the 
blizzard winds in McMurdo Bound, but it seems desirable to rc.statc the main cir<mm- 
stances, in view of their importance to the Gla(5iolt)gy of the Antarctic.. 

As already stated, there is a largo temperature differeuce near tlie (earth’s surfatse 
between the Ross Sea and the Barrier, which is most strongly developeil during the 
winter as a result of radiation and the formation of a temperature inversion over the 
Barrier. This temperature gradient, combined with the rotation of the earth, causes a 
southerly wind with a pronounced easterly component. On actsount of the obstacsle 
formed by tlie high ranges of Soutli Victoria Land, there is a concentration of the moving 
air into the McMurdo Sound area,§ causing winds of extreme violence in this region, 
and causing at the same time an increased pressure difference between McMurdo 
Sound and the Barrier. It frequently happens that the cold layer formed near the 
surface at first allows the faster moving layers of air to slide over it, the blizzard only 
extending down to the earth’s surface when this protecting layer lias been swept away.|| 

* Chapter V on “ Classification of Land-Ice Formatioiis.” 

■f Meinhardus, ‘ Deutsche Sudpolm' Expedition' 

J ‘ Meteorology,’ vol. I, p. 208. 

§ Map IV. 

II The best proof of tliis was afforded by the fact that the arrival of a blizzard at Cape KvaiiH or 
Cape Royds was frequently heralded by the sweeping past of clouds of snow and drift (at blizzard speed) 
at a height of two or three thousand feet above sea-level. This would sometimes continue for many hours 
before tlie blizzard descended to the level of the station. 
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Tlie occurrence of blizzards is associated with the travel of waves of pressure 
across the Plateau, Barrier and McMurdo Sound, these waves possibly originating 
at a point in about 80° S. lat. and 120° W. long., moving from the south-east, and 
reaching Cape Adare and Cape Evans eighteen and nine hours respectively after 
reaching Framheim, the headquarters of Amundsen’s Expedition. These waves modify 
the normal pressure gradient, often intensifying it and thus causing blizzards in such 
districts as McMurdo Sound and Robertson Bay. 

The normal distribution of wind velocities is anticyclonic, the most frequent 
weather being a calm ; but superposed upon this anticyclonic distribution at Cape 
Evans are the strong winds caused by the pressure wave intensifying the normal 
pressure distribution, the predominant factor being the difference in temperature 
between the air over the Ross Sea and over the Barrier. This difference is greatest 
in winter, and is due to intense radiation from the Barrier surface. 

As pointed out by Dr. Simpson, when a pressure wave travels across the country 
with a speed of 30 miles per hour it sets up its pressure gradient faster than the air can 
get into motion. In these conditions the air behind moves faster than that in front, 
causing the former to rise, and under appropriate conditions precipitate moisture in 
the form of snow. Precipitation may, however, also occur as a result of the forced 
mixing during blizzards of the cold surface layer and the air above, the air stream being 
in this case in turbulent motion. 

Hobbs* has recently re-stated the problem of the glacial anticyclone, following 
the remarks of Dr. Simpson in the Meteorological Memoir of the Scott Expedition. 
The general weather conditions associated by Hobbs with a glacial anticyclone 
cannot be gainsaid, though we cannot agree with him in his explanation of the cause 
of its inception. Thus, Hobbs states that the dome-shaped glacier of considerable 
extent is a necessary condition for the formation of the glacial anticyclone ; the heavier 
air cooled by contact with the surface flowing (if we ignore an easterly component due 
to the earth’s rotation) down the line of greatest slope. This causes a vacuum above 
the central area of the mass, and air is here drawn down from above. 

One or two facts remain to be explained : — 

(1) Why is the air flowing uphill in the region of the Pole ? 

(2) Why does the action continue in summer, when the snow surface should be 

warmer than the air in contact with it (at least in clear weather) ? 

(3) How is the central area nourished, in view of the fact that air is here descending ? 

As regards these queries, we believe that the flow of air uphill is the cause of the 
greater snowfall in the polar area and of the misty and foggy conditions near the Pole, 
though no doubt this action is complicated by the inequahties of the surface. The 
conditions over the central boss are, in our opinion, desert conditions such as are found 
in other anticyclonic areas ; but we believe precipitation does (very slightly) exceed 
ablation on the elevated plateau. 

* ‘ Proc. Am. Phil. Soc.,’ vol. lx. No. 1, 19Sl, p. 24. 
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As regards the continuance of the glacial anticyclone in summer, we would suggest 
that the dome-shaped surface may be the result, rather than the cause, of the glacial 
anticyclone. We would, in fact, prefer to place the origin of the anticyclonic conditions 
at the boundary between snow-covered continent and either open water, water with 
ice-covering, or bare rook surface. At such a line of demarcation a horizontal temperature 
gradient must exist. 

If this can be granted, as seems reasonable, the prime cause of the anticyclone is 
associated with the difference between the physical properties of a snow surface and the 
adjacent rock or water surface, one contributing factor being the high refie<itivity of 
the former. The descent of air in the centre is a natural consequence. One has then 
only to assume that precipitation less ablation is a plus factor at the centre of the 
continent, and that this factor decreases towards the periphery of tlie ice-mass, and 
the dome-shaped surface follows as a natural consequence. '^Phis would be an expecte<l 
result of the ablative action of a wind which increases in velocity as the edge of the 
Continental-Ice is approached. 

In these conditions, the descending air will probably be warmer than the ice surface 
and may deposit snow on contact. The cooled air will then flow generally <lownliill, 
as in the manner postulated by Hobbs. 

The essential difference between our view and that of H'ohbs is, that a dome- 
shaped shield of Continental-Ice can, given a favourable climatic environment, arise on 
any large glacierised* land-mass, irrespective of the original contour of th<^ i(*e surface. 
The glacial anticyclone is, therefore, not dependent upon a pre-existing dome surfac.e, 
but upon the horizontel temperature gradient around the boundary of the ghK^U'rised 
region. The dome-sharped contmir is a result, mid not a muse. 

It follows, from the view expressed above, that, just as the initiation of a hlizzartl is 
due to a horizontal temperature gradient (in the case of Antivrcti(!a between continent 
and sea), so cessation of wind will not take place until this temperature gradient luis lujen 
greatly reduced, or reversed. 

The fact that the wind was found to blow uphill near the South l‘oIe is diliicult of 
explanation on Hobbs’ theory, but seems to present less difficulty on our view. We may, 
in fact, look on this phase as a visible attempt of the circulation to complete the dome- 
shaped surface and to shift the highest point of the continent to a more central situation. 
This is in conformity with our suggestion that the dome-shaped surface is the result, not 
the cause, of the glacial anticyclone. 

(5) Local Wind Circulation. 

As might be expected, local variations in wind direction, or even a local reversal in 
direction, will occur in particular localities, and, in point of fact, practically every sledge 
party has brought back evidence in some form of the extremely local character of the 
winds. 

* The term “ glacierised is used in this memoir to indicate a land covered with ice and snow in 
contrast to a “ glaciated ” land, which implies a land sculptured by ice. 
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From numerous journeys up the glaciers cutting through the South Victoria Land 
horst, we have learnt that, in the glacier valleys, the wind blows down the valley almost 
continuously, though rare occasions are known when it has blown in the reverse direction. 
The same phenomenon has been noted in Robertson Bay opposite the various glaciers. 
On the journey down the coast of Victoria Land, from Evans Cove to Cape Evans, in 
October, 1912, the Northern Party recorded, opposite the mouth of every transverse 
valley of the mountain range which borders the coast, sastrugi whose direction testified 
to the presence of normal down-valley winds. 

The members of the Expedition who took part in the winter journey to Cape Crozier 
have recorded that, on all occasions when they reached the junction between the low 
sea-ice and the higher Barrier clifE, “ the cold air streamed ofi it ” (the Barrier). As, in the 
winter, the Barrier surface may be some 20° or 30° F. colder than the sea-ice, this is not 
at all surprising. A good example of local wind circulation was constantly noted in the 
vicinity of the winter quarters at Cape Evans. During journeys in the spring over the 
15 miles of sea-ice intervening between Cape Evans and Hut Point, the wind often 
changed in direction or force during the journey. On. days when it was calm at Hut 
Point and Cape Evans, there was often a 16 or 20-mile wind blowing from the S.E., 
about midway between the two points, in the vicinity of Glacier Tongue. 

On such occasions, it was observed that Glacier Tongue appeared to be the dividing 
line between the two distinctive areas, and this circumstance was also observed and 
recorded by members of the first Shackleton Expedition.* It is, in fact, considered 
that the Tongue itself may owe its present shape partly to excessive precipitation 
near the boundary between these two areas. This point is dealt with more fully in 
Chapter VI, under the sectional heading “ Ice Tongues.” 

The best example of the local character of the wind, however, was observed in the 
second winter on October 1. On this occasion a blizzard had been raging for a short 
time with a very thick and heavy drift. After a few hours, the wind velocity gradually 
decreased, until the recording instrument registered a dead calm. In itself this was 
sufficiently surprising to cause remark, but a further cause for surprise was observed on 
leaving the hut. Less than half a mile away, between Cape Evans and Inaccessible 
Island, and only a little to the S.W. of the Cape, a blizzard still raged. Heavy drift 
to a height of at least 200 feet blotted out the slopes of Inaccessible Island, and the 
roar of the gale came to us distinctly, resembling the continuous noise of a heavy surf 
on a sandy coast. The line of demarcation between the blizzard and the calm area 
appeared to be very sharply drawn, but doubts as to the stability of the sea-ice 
prevented closer investigation. To the north-east of the hut, a sight but little less 
remarkable was to be seen. Only 300 yards away in this direction a whole procession 
of small “ wiUy-wa’s,” or wind eddies, moved slowly from N.W., to S.E. carrying with 
them a small quantity of snow, which might either have been picked up from the 
groimd or have been formed in the vortex of the miniature whirlwind. Further off 
in the same direction, a slight breeze of about 15 miles an hour blew from the N.W. 

* Sledging Diary, E. K. Priestley. • 
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Cape Evans, therefore, was included in a calm belt little more than -| mile wide, 
sandwiched between a mild breeze from the N.W. and a typical blizzard from the S.E., 
which carried drift to a height of not less than 200 feet. No snow was falling at 
the time. Almost exactly similar cases were recorded on several occasions at Cape 
Adare. 

During the laying of the depOts in January and February, 1011, parties were fre- 
quently travelling on the Barrier within quite a short distance of one another, and, on 
several occasions, these parties reported totally different weather conditions. On 
more than one such occasion, a comparison of diaries has shown that one party has been 
held up by a blizzard while another only 20 or 30 miles away was favoured by com- 
paratively fine weather, and this occurred although both units were travelling on a 
practically level plain at a distance of at least 50 miles from the nearest land. 

Another example of a different type was recorded on the return journey of 
Dr. Atkinson’s supporting party on the main polar journey. Here, at the junction of 
the Beardmore Glacier and the Barrier, and at a distance of about 4 miles from the 
glacier, we could see a couple of miles to. the east a swirling lino of drift carried 
by a strong S.S.E. wind apparently coming down the main glacier outlet. A <;onplc of 
hundred feet above us was that portion of the blizzard which issued from the “ Gateway,”* 
so that the roar of the wind could be loudly heard. This blizzai’d overJiead was also 
evidently carrying a great deal of drift, but none of it rcacdied the Barrier level, while wo 
ourselves experienced only a light 15-mile breeze from the S.B. E. 

Convincing evidence of local variations in the dii’ection of the sti’onger Antarcstics 
winds is best furnished by the sastrugi on snow surfacjcs. I’hese sastrugi, whic.h will 
later be described in detail, are the irregularities on a sm)W suiJacje which, lias beim 
exposed to wind, either during the deposition of the snow covering or aifter. Sastrugi, 
though laid down or cut out in many different forms, show in every case, with a 
considerable approach to accuracy, the direction from whic;h the wind blew at the 
time of their formation. The direction of orientation of the sastrugi is here taiken 
as the mean wind direction without further proof, but from all the data (jollcc.tcd 
at Cape Evans, and at the Gauss Winter Quarters, and from the experiences of 
numerous sledging parties, it appears likely that this is reliable to a quite remarkable 
extent. In fact, next to their violence and duration, one of the most remarkable pro- 
perties of the blizzard is the extreme steadiness of the mean wind direcjtion, combined 
often with unsteadiness of force. In those regions where the sastrugi are “ mixed,” 
•Le., two or more series cutting at different angles are present, they give equally de(.M8ivc 
evidence of the prevalence of an equal number of directions from wliich the prevailing 
winds of these particular districts may be expected to blow. 

Good examples of such areas of “ mixed ” sastrugi may be seen on tlic tracts of sea- 
ice opposite either side of any main outlet valley of the Victoria Land mounttiin range 
(Fig. 2). Thus, opposite the centre of the mouth of the Ferrar Glacier Valley, and close 
to the coast, there occur sastrugi which betray the predominance of a westerly wind 

♦ Map III, 
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blowing down the valley. As one marches along parallel with the coast in either direction 
from this central position, areas are reached where the sastrugi from these plateau winds 
are intermixed with another series, which proclaims the activity of the south-easterly 
gales common to this portion of the Antarctic coast. A similar area of “ mixed ” sastrugi 
is met if one walks directly away from the glacier valley, and, in all three of these transition 
regions, sastrugi of indefinite shape exist, in addition to those already mentioned. These 
last may be attributed to a coincidence in time of the south-easterly gales along the coast 
with the westerly gales down the valley, a coincidence which may result in the neutralisa- 



tion of both, and which suggests that both types of wind belong to the same system. 
Thus, We have in these mixed areas sastrugi with a S.E.-N.W. trend, sastrugi with 
approximately a W .— E. trend, and also a third set which have no particular direction of 
prolongation, but look as if they have been dropped from the clouds. 

The orientation of the sastrugi during the outward journey towards the pole 
and the return of the party under Dr. Atkinson are shown in Map III. The first 
point of interest is the remarkable correspondence between the directions plotted 
from the record taken on the outward and inward journeys on the stretch from Comer 
Camp to the foot of the Beardmore. Secondly, in 80 ^ 81 |° south, a region is con- 
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spicuous where the sastrugi were markedly “ mixed ” in character. There was every 
evidence, in fact, to show that in this region the winds were very variable in direction. 
Here also the sastrugi were much less pronounced, so that this area (from 80^ -81^° 
south lat. in 170° east long.) may fairly be considered an area of light variable winds, 
which appears to be also an area of excessive precipitation. Another areii of mixed 
sastrugi on the Barrier route is seen on the stretch from Hut Point to Corner Camp ; 
but this differs from the former area, in that here the predominating set of sastrugi is 
well defined from the south, but is overlaid with less marked sastrugi from other directions- 
— west through south to east. Further to the north, in the bay bordered by the slopes 
of Mount Terror, a region distinguished by calms and heavy precipitation is characterised 
by deep drifts of soft snow which make travelling very difficult. 

If we compare this evidence with the weather conditions that liavo been noted on the 
Barrier journeys, we find that the stretch from Hut Point to Corner Camp is swept by an 
unusxially high proportion of blizzard winds ; and it appears also to be an area of compara- 
tively heavy precipitation with much overcast weather and bad light. Heavy winds 
also predominate along the stretch from Corner Camp to Bluff Depot, and these 
winds, which are accompanied with relatively little prccipitiition, are the direct 
cause of the hard surface and strongly marked sastrugi whit?h charac-teriso this 
region. From One Ton Depot southwards, on the other hand, less heavy wind and more 
overcast weather is correlated with a softer surface and less well-delined sastrugi, luitil 
between 80|-81-J° south lat. the sky usually remains overcast, and the accH)mpanying 
distinctive effects are bad light, light winds, fairly continuous light snowfall, and com- 
paratively soft surface. Beyond this region, again, an in<*.rease in mean wind fortn*. is 
reflected upon the surface, the sastrugi becoming more pronounced and pointing <Iefinitely 
from the south-east, while the surface becomes prt>gressively harder ami better for sledging. 

It must here be pointed out, that the circumstance that the sastrugi show defiuite 
directions does not imply that the light winds also blow from the directions shown, 
but merely indicates the trend of the heavy gales. In facjit, during one day on the 
outward journey in lat. 83° S., on December 3, 1911, we were favoureil by a 
fairly strong wind (with snow) from the N.N.W. quadrant, 'rhis is the single i^ase 
we have noted on the Barrier of a breeze of over 25 miles i>cr hour from any direction 
with a northerly component. The occurrence of this wind was evidently related to the 
disastrous blizzard which held the party up at the foot of the Beardmore ( J lacier. 

From Map HI. it will be seen that the sastrugi run parallel to the general treml of 
the coastline, except in the vicinity of One Ton l^epot, where the Bkelton and Mulm^k 
Inlets appear to direct the air immediately down from tlie jilateau. 

On the journey up the Beardmore Glacier the winds blew in general down the 
glacier from the polar plateau.* 

Another strip of the Antarctic coastline of considerable extent was traversed by 
the Northern Party in their journey from Inexpressible Island to Gape Kvans, in October 

* The southward-bound party and Dr. Atkinson’s party on their return journey experienced no 
strong winds on this stretch. 
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and November, 1912. During the whole of this journey of some 200 miles, notes were 
made of the prevalent direction of the winds, both as displayed by the meteorological 
conditions at the time of traverse of the region and as deduced from the sastrugi 
which covered the sea-ice over which the party was travelling. The prevalent 



Fig. 4. 


strong wind in the neighbourhood of Inexpressible Island during the previous 
autumn, winter and spring had been from slightly west of north-west, and it was 
obviously controlled in its direction by the valley to the south of Mount Nansen down 
which it swept (Fig. 4). This wind and similar down-draughts from other glacier valleys 
continued to hold sway almost uninterruptedly until some 20 or 30 miles south of Evans 
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Coves. It was not until some way past the summit of the Drygalski Ice Tongue that 
confused sastrugi were met, which suggested that another wind of the same order of 
strength was beginning to take effect. As the party marched on towards the south 
these sastrugi became more definite in direction, until at least three sets could be made 
out quite certainly, and it then became evident that they were due, respectively, to 
the Reeves Valley wind already mentioned, to a draught blowing down the David 
Glacier, and to the main south-easterly gales of the Ross Sea area which here blew 
parallel to the coast as S.S.E. winds. 

Before the south side of the Ice Tongue had been reached, the suppression 
of the westerly sastrugi had become almost complete, and the south-easter once more 
held complete control of the local snow sculpture. 

From here right down 
to McMurdo Sound the 
sastrugi showed the in- 
fluence of a predominating 
southerly wind, the in- 
fluence of which was only 
complicated in two ways. 

The first type of exception 
was observed opposite each 
valley which transected the 
mountain range, and which 
thus, as in the case of the 
Nansen Valley, gave egress 
to the cold plateau down- 
draught. In such cases 
the south-easterly sastrugi 
would be more or less 
completely obliterated, the 
thoroughness of the work being directly dependent on the size and maturity of the 
valley. Had this strip of coast been deeply dissected, westerly winds might have 
been the rule rather than the exception ; but, as it was, the south-easterly stream was 
only slightly rufiled by these westerly counter-currents. The second exception to the 
general rule was demonstrated by the occurrence of comparatively calm areas, stich a.s 
that already described as occurring on the Barrier south of One Ton Depfit. 
Prominence is given in the meteorological reports of the Northern Party to a similar 
but much more marked calm area on the west side of Robertson Bay (Fig. 6). It 
seems certain that when the position of these areas and their relation to the 
surrounding country is finally worked out, it will be found that they will be closely 
correlated with those more immaturely dissected portions of the coastline winch are 
also so favourably situated as to be in the lee of some prominent projec^-ion (d the 
coast, and thus are sheltered from the winds blowing parallel to the latter. 
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The sastrugi met on this sledge journey have been plotted, together with those 
further south and those in the Kobertson Bay district, and it is evident that similar 
conditions govern the weather along the whole of this long stretch of the Antarctic 
mainland. 

It is safe to conclude, therefore, that the lower wind circulation, though 
governed by the position and shape of the great polar plateau, may be modified or 
even reversed by the local conditions. It seems certain, indeed, that the high tempera- 
tures experienced during the blizzards at Cape Evans can hardly be ascribed to winds 
blowing from the cold Barrier, but must be put down to mixing of the air in the lower 
strata in the immediate vicinity of the station. 

If the inception of the blizzard corresponds to the time at which the high south- 
easterly wind above finally extends down to the surface, it will be clear that the blizzard 
is likely to commence at different times in positions quite close to one another. Thus, 
the blizzard at Cape Evans from July 7 to July 13, 1911, did not commence on the 
Barrier to the south of Boss Island until July 10. Prior to the commencement of the 
blizzard on the Barrier, the period July 5- July 9 was one of calm at this place, 
the temperature being very low (—72-9° F.) on the 6th and rising gradually from the 
7th to the 9th, after the blizzard had commenced at Cape Evans. It is therefore 
difficult to escape the conclusion that the air at Cape Evans during the first portion of 
the blizzard descended to the surface in the immediate vicinity of the station. 

PRECIPITATION. 

Great difficulty has always been experienced in distinguishing between winds 
of blizzard force carrying drift only, and those in which snow is being freshly formed. 
This difficulty arises from the fact that in the former the drift may extend to a height 
of certainly 200, and probably many hundred, feet, so that, even with a clear sky above, 
no signs of the sun can be seen. It is probable, in fact, that 30 feet of heavy drift is 
more than sufficient to obscure the sun. 

When the Northern Party were encamped at the Hell’s Gate moraine in February, 
1912, they were harassed by strong drift-bearing winds for many days together. On 
one such day, when the sun was completely hidden by the drift and there was only 
the merest suggestion of a faint glow in the quarter where he was, it was 
found, on climbing up the side of one of the moraine cones, that the drift was only 
20 feet high. In its lower layers the drift was so thick that it was impossible to see 
the tent from two or three yards away. Similar, but less striking, examples were 
observed in McMurdo Sound. 

During strong blizzards with drift it is usually impossible to say whether snow is 
falling at the time or not, though it seems likely from other considerations that blizzards 
with high air temperatures are synchronous with a true snowfall. It was frequently 
noted that although a significant deposition quite often appeared to take place during 
the earlier half of the blizzard, all fresh snow was usually removed, or very nearly 
removed, during the second half. Indeed, the net result of a gale would frequently be 
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one of erosion rather than deposition. Striking evidence of this was afforded by the 
fact that footmarks made in the newly-drifted snow in the first few hours of a gale 
were commonly seen to stand up above the general level by as much as a foot when 
the wind had finally died away — ^a result wliich is, of course, to be attributed to the 
“ packing ” of the snow under the pressure of the weight of the man or animal that 
had made them (Plate XXV). 

Another notable example of the erosive action of a blizzard occurred on July 27, 
1912, at Cape Evans. The gale in question had been preceded by one on July 25, which 
had left behind it a significant deposit of snow in the vicinity of the hut. This fresh 
drift had covered the wooden door* of the magnetic cave to a depth of 3 feet, yet 
the second gale not only removed the fresh drift, but undermined the door of the cave 
and carried it bodily out to sea. 

Examples of this denuding typo of blizzard might bo nuiltiplied indefinitely, but 
perhaps none more striking occurred within our expei'ience than that of the ten days’ 
gale in May, 1911, at Cape Adare. For at least six days out of the ten during which 
it raged this gale was free from snow, and, at its close, there was scarcely a vestige of 
snow left on the beach on which the station was built. All along the edge of the cliff 
of Cape Adare the drifts which had been thought permanent had been removed and 
everywhere fresh screes of coarse gravel were exposed, while the snowdrifts which had 
been several feet thick on the ice-foot at the close of the thii’d day of the wind luul 
disappeared entirely long before the wind dropped. 

This same gale also displayed very well the drastic*, cffecjt of a (vhangc of direcJlou 
during the course of a gale. Four days before it dropped, it swung from E.B.E. to 
and within two days it had completely removed the drifts it luwl itself c.ausod to form 
behind prominent obstacles. It brought very little snow from this new quarter to 
replace that which had been removed, and the only deposit it left behind was a large 
quantity of spray-ice. 

Thus, an unknown proportion of the Antarctic procipittition is miiwkod by the 
presence of detrital snow borne by the wind in which the snowfall is taking phuje. If 
one were compelled to judge entirely from such situations as are exposed to the con- 
tinual outrush of Barrier drift, it would be almost impossible to detect with certainty 
the formation of fresh snow in heavy winds. The few exceptions are those when snow 
has been observed to fall as what has been termed “ fluff -ball ” snow, a typo of snow 
which consists of many tiny spicules or needles aggregated together, the whole aggrega- 
tion being often no larger than a pin’s head. This type of snow is, at Capo Evans, 
usually associated with high winter temperatures, and has been obscrve<l several times 
in blizzards at Cape Adare. We have thus so far been unable to obtain any near 
estimate of the relative proportion of drift and failing snow in an Antarctic 
blizzard, and evidence enough has already been secured during the last few years* 

* Tlie <loor lay horizontally, giving ingress to tlie magnetic! cavc! nm a rough flight of Ht(jp.H rutin the 
snowdrift. 

t * Antarctic Adventure,’ R. E. Priestley. 
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work to make certain that any estimates of snowfall which leave blizzard snow ” 
altogether out of consideration cannot pretend to approximate accuracy. There 
is little doubt that at least a fourth of the snowfall at Cape Adare, during 1911, occurred 
at periods when winds of gale force were blowing and when it was impossible to measure 
the amount with any accuracy by the methods at present in use. 

Both at Cape Evans and at Cape Adare the initial stages of a blizzard were quite 
commonly accompanied by a definite snowfall, but usually its later stages were free 
from falling snow. Not only so, but, as already stated, all, or nearly all, of the snow 
deposited earlier in the gale was swept away before its termination. 

More easily recognised snowfalls may occur during light winds which are not 
sufficiently powerful to raise snow crystals or fragments of crystals more than 4 or 
6 feet. The clearest cases of snowfall, however, occur when there is no wind at all, 
or only a light air which can scarcely be dignified by the name of wind. In these latter 
cases the fall of snow is perfectly definite, though usually of very small amount. A 
slight snowfall of this type with a precipitation of J inch or so of snow frequently 
precedes a blizzard and feeds it with sufficient light material to fill the air with drift to 
such an extent that one’s vision may be limited for hours to a range of about 6 feet. 


Snow is formed in the air whenever the latter is cooled until it contains more water- 
vapour than that required to saturate it at the given temperature. Thus, 1 cubic metre 
of saturated air at freezing-point contains 4*834 grams of water- vapour, while 
at — 10° C. (14° F.) the maximum amount the same volume of air can hold in 
the form of vapour is 2*154 grams. If, therefore, air saturated at freezing-point is 
in some manner cooled to — 10° C., approximately 2*7 grams of moisture per cubic metre 
must be turned into the solid phase as snow or hoar frost. This cooling of 10° C. , therefore, 
will cause the formation of 2*7 grams of snow for every cubic metre cooled, and this 
snow will fall to the ground if the forces tending to hold it suspended in the air are 
not too strong. It will be seen by reference to the Appendix that the cooling of the 
cubic metre of saturated air by a further 10° C. does not liberate a further 2*7 grams 
but only 1*3 grams, so that the maximum amount of snowfall for a given cooling of 
the air depends very largely on the original temperature. Obviously, another controlling 
factor is the percentage humidity of the air if, as is generally the case, it is not already 
saturated. 

The necessary cooling of the air may occur in either of two ways : — 

(а) By adiabatic expansion of the air. 

(б) By direct cooling of a mass of air through meeting a colder surface or a 

colder body of air. 

(a) Precipitation hy Adiabatic Expansion of Air. 

Under this heading, we may distinguish two different phenomena First, a cooling 
due to a lowering of barometric pressure, and second, a cooling due to expansion of air 
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which is forced to rise. The cooling experienced in the first case is at best small, for 
air at freezing-point, for example, is only cooled 2-6° C. by a decrease of 1 inch in the 
barometric height. This effect will be insignificant, for, even with such an extreme 
barometric fall, the air can only deposit snow crystals if it is almost at saturation point, 
and then only in minute quantity. 

Considerable amounts of snow can, however, be formed in the Antarctic by the 
second process, that is through the compulsory ascension of air. In the .Aintarctic 
summer, it is quite generally to be noticed that over every small patch of bare rock whicJi 
is being warmed by the sun, a dense local cumulus cloud hovers at a height of some 
hundred feet above the rock (Plate I.). To this form of cumulus cloud, the snow-capped 
mountain with bare slopes on the Beardmore Glacier owes its name of “ T'*he Cloud maker” 
given to it by Shackleton (Plate II), for usually when the sun is shining a white c.umulus 
cloud hovers just over its top. The height of the cloud here coincides with the top of the 
mountain. As the air on the rock slopes of such an ice-capped mountain is warmed by 
the rock, it ascends and part of its moisture condenses when the air has been sufficiently 
cooled by adiabatic expansion. Were it not for the presence of the snow cap, the top 
of the mountain might also be warmed sufficiently to cause powerful ascending currents, 
which would place the cumulus cloud at some altitude above it and prevent any 
deposition of snow on the top. Such a sequence of events occurs in many places 
where bare rock expanses have been seen by the present Kxpedition. One of the 
characteristics of the isolated cumulus clouds, which owe their origin to the process 
mentioned above, is that their existence docs not appear to be accompanied by 
a “ fall ” of snow. It seems probable that they arc composed of snow-forniH having 
a high ratio of surface to weight, so that the ascending currents to wliich they 
owe their formation are sufficiently powerful to keep the <n’ystalH suspended in 
the air. 

Whatever the cause may be, it is clear that iiudcr these tdrcu instances a snow 
deposit usually only takes place at the higher altitudes. Similar effects may, iiowevei*, 
be produced by a forced rise of air such as that which is produced by the travel of a 
pressure wave accompanying a blizzard, and it seems probable that this method of 
deposition is of considerable importance in the Antarctic. 

An interesting case of snow-formation due to adiabatic cooling of air was observed 
generally in the Antarctic, but was best developed in the vicinity of the Cape A<lare 
Station. Here the hut is sheltered from the S.B. by the steep and precipitous slopes 
of Cape Adare. During blizzards, therefore, eddies were formed in the wind, and here 
the drift-free and snow-free air was quite commonly cooled locally to the saturation 
point, with consequent formation of snow. Though this phenomenon was commonly 
observed at Cape Adare, it does not appear that any great amount of snow was 
precipitated. The cloud in the lee of the Cape was of quite a local character, and the 
snow formed in this manner was gradually drawn into the main current of the wind 
and was there evaporated. It is, however, by no means certain that such eddies formed 
to leeward of a glacier wall may not give rise to part of the deposition in the form of 
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snow cornices, tliongli by far the major part must be caused by direct addition from 
drift snow carried by the wind. 

Situated as they were in the lee of Cape Adare, the Northern party were also able 
to note the frequent occurrence of “ willy-wa’s ” carrying locally formed snow. During 
the winter blizzards, the gusts of wind were often of extreme violence, and seemed to 
partake of the nature of diminutive cyclones travelling across the low-lying beach. 
These gusts were very sudden, and it was noted that a large number of the small cyclones 
carried snow in their vortices, though others did not. As the cyclones travelled along 
the bare wind-swept beach, they could be seen at times suddenly to develop into 
swirling columns of snow, this precipitation being probably brought about by the cooling 
of the air by expansion. When struck by one of these whirls, the hut shook as if it 
had been hit violently by a solid body, and occasionally some of the outer weather- 
boards would be torn away by the impact of the gust. At those times the mercury 
in the station barometer would “ bump,” or vary in height, by as much as I inch. 


(&) Precipitation hy Direct Cooling. 

This method of precipitation may also be considered as arising in either of two 
different ways : — by cooling of a mass of air through direct contact with a colder solid, 
or by the mixture of two air-bodies at different temperatures. In both processes, 
the possibility of precipitation is conditioned by the humidity of the air in relation 
to the change of temperature experienced. We will consider the two cases 
separately. 

The formation of snow by cooling in contact with colder surfaces is frequently to 
be seen in the winter at low temperatures and on clear nights. On such occasions, 
radiation into space is very active from any objects such as ski, ski-sticks, etc., and all 
such articles left outside the hut speedily become covered with crystals deposited from 
the almost saturated warmer air about them. The effects of this phenomenon may be 
distinctly annoying. Thus, considerable difficulty was occasionally experienced in 
making observations for time with the transit instrument, owing to the deposition of 
crystals, not only on the body of the telescope, but also on the lenses. The amount of 
deposition due to such radiation is not, however, large, though it is known that radiation 
is the cause of the formation of the inverted temperature gradient near the ground in calm 
weather during the winter. That this action is not confined to the winter months is 
shown also by the regularity with which ice crystals would form each night during the 
autumn and spring on the glass sphere of the Sunshine Kecorder, putting this instrument 
out of action until the film had been removed by the observer. 

Where this method may be relatively most effective in causing precipitation is on 
the upper plateau and on the Barrier, where radiation is most effective in the winter. 
Here the air currents meet the cold surface, and must deposit snow in amoimt depending 
on the humidity and temperature of the air, and on the degree of cooling which takes 
place. While traversing the plateau on the polar journey. Bowers notes in the log 
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almost continuous parhelia.”**’' Since parhelia caj\ only be lormerl by snow crystals, 
we may confidently state that the formation of snow on th's portion of the plateau takes 
place almost continuously, in the summer months at least, though it is clear from 
Bowers’ notes that he considers the total amount of snowfall to be very small, ’rhe 
reason for this will be seen when we come to consider the effects of the wind on the 
snow surfaces. 

It is no less difficult to evaluate the importance of precipitation due to the mixture 
of two masses of air at different temperatures. We have given reasons (based partly 
on the high temperatures usually prevailing during blizzards) for the view tliat large 
volumes of air must have descended in the immediate vicinity of the observing stations 
of the Expedition. Since the high temperature is very often accompanied by a liglxt 
snowfall, it woirld seem that the rise in temperature and the fall of snow are probably 
due to the same cause, viz., the mixture of the cold surface layer of air with the 
descending air which was originally warmer and has been further warmed by the 
compression experienced in its desc-ent. 'I’lic warm air will of course liave a low 
percentage humidity, and the cold air will contain a small amount of water vapour. 
We believe that a large portion of the total amount of snow formed during blizzards 
in the dark winter months is due to this cause. As, in any case, the snowfall is almost 
always succeeded or accompanied by a blizzard which blows nuudi of the loose*, snow 
away, it seems impossible to estimate the tot»il effect of the pr(M*ipiUition, the influence 
of which is wholly masked by the denuding effect of the wind. 

As regards the probable amount of snow which is formed in blizzards during whitdi 
high temperatures prevail, it is important to note that the high temperatims during the 
blizzard demands that the percentage humidity of the air which has sunk from higher 
levels must usually be low. Also tlie large ami <)fk*.n suddmi rise in temperature early 
in the blizzard suggests that the cohl air near the surface prior to the <H>mmenceim:*.nt 
of the blizzard has probably been mixed with a considerable mass of warm air. These 
conditions are not favourable to snow formation. 

It seems probable, indeed, that the wind during blizzards is in turbulent motion 
(as evidenced by the temperature variations) ; snow may be formed at one instant at a 
given spot above the surface, only to evaporate before reaching the ground. In any 
case, snow is most likely to be formed in a rising current of air which then probably 
has sufficient upward velocity to prevent deposition, and when the air current bearing 
this snow is forced towards the earth, conditions at once become favourable to evapora- 
tion of the snow. On the whole, there seems every reason to believe that, in normal 
conditions, the amount of snow formed and deposited by mixing of air layers during 

* When the. sun is very low, parhelia are aHHociattMl wif.h tv light snowfall, usually in the form 
of minute crystals not more than one-lmndrcdth of an inch long. 'Phest! ant tit tinves tjuitfi iiivisihle to 
the naked eye, and can only bo scon as slowly-fallijig bright jioints of light when the observt'r is facing 
the sun. The note by Bowers refers to the area close to the Bole, where the wind was blowing tiphill, 
and the formation of parhelia, as pointed out in Chapter VI (Ice Formations CharatdtTistic of an 
Advanced Stage of the Glacial Cycle), is itrobably best explainotl with reference! to the forced ascent of 
air and the rugosities of the surface. 



blizzards is vinlikely to be of any great amount. Tbis result is doubtless associated in 
some measure with the high ratio of surface to volume in the types of snowflakes formed 
under such circumstances. The latter factor operates in the direction of preventing 
the snow formed in an ascending current of air from falling to the ground and in enabling 
evaporation to take place more quickly in a descending current. 

(c) Precipitation through Other Agencies. 

Precipitation is known to occur in the Antarctic through other agencies, but these 
are dependent chiefly on local conditions at the place of observation. Of these might 
be mentioned first the deposition of spray in the vicinity of the open sea. This is the 
single instance in which precipitation in the form of water occurs in the regions with 
which we are dealing. Pain over the land surface is almost unknown to us, the solitary 
exceptions in the present Expedition being recorded from the station at Cape Adare 
and at sea off the Ross Barrier. There are two essentials necessary for the formation 
of spray-ice deposits, viz-.y open water close to the land and on the windward side 
of it, and winds sufficiently strong to blow the tops from the waves and to carry the 
water to its place of deposition. At Cape Evans, this method of deposition was not 
of frequent occurrence, not because of a lack of wind at the spot, but because the sea 
on the windward side of the Cape was in general ice-covered, except during the month 
of March and for a few days in February and April. Blizzards at this time of year, 
however, add notably to the icefoot by the deposition of spray, which freezes immediately 
it touches the surface. Even at 200 or 300 yards’ distance from the coast and at a 
height of 100 feet, the spray deposited is significant in amount. On the top of the icefoot 
in these cases, the spray ice always takes the form of ridges inclined at an angle of about 30® 
from the vertical towards the direction from which the wind blows. They are illustrated 
in Plates III and IV. These spray ridges may be as much as 2 feet from crest to crest, 
with hollows between them into which the foot can easily enter, and which may reach 
a depth of over 20 inches. 

It was indeed fortunate that the sea to the south and south-east of Cape Evans 
was open for only this short period in each year, as the damage caused in 
blizzards at this time of the year was almost irreparable. This is due to the fact 
that the salt water is driven by the wind into every conceivable corner. Particularly 
it enters the meteorological screen with its louvred sides and covers all the instruments. 
The thermograph appears to be unusually susceptible to the salt water, and much of the 
trouble it gave in the second winter must be attributed to the rusting of the pivots of 
the driving-wheels of the clock. To the same cause must be assigned the rapid deteriora- 
tion and final disintegration of the copper wires which carried the current for operating 
the lamp in the magnetic ice cave. In this case, the salt hastened the corrosion to such an 
extent that the wires were soon eaten completely away in places. 

This method of deposition will be treated more fully imder the heading “ Icefoot ” 
(Chapter IX). 
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Almost exactly analogous to the process just described is a deposition usually 
accompanied by what is called “ h’rost Smoke ” (Plate V). The formation of frost 
smoke is dependent upon the presence of a body of open water (over which it is formed 
and above which it rises to no very great height) at a period of low air temperature. 
Numerous records of the temperature at which frost smoke was observed to form over the 
open sea suggest that tliis phenomenon requires that the air temperature should not be 
above about 0“ F. Another point that seems to be well established is that wind plays a 
very significant part in its formation, as it was noted that, at low temperatures, frost 
smoke formed even in very light winds, while, at temperatures of zero F., or a little below, 
a considerable wind velocity (over 20 miles per hour) was necessary for the formation of 
the smoke. These two facts would appear to suggest that the formation of frost smoke 
was conditioned rather by the rate of cooling of the sea surface, or by the temperature 
gradient above the sea, than by the air temperature alone. 

A peculiar form of precipitation occurred quite frequently on the Barrier in the 
summer, and at Cape Adare. This was caused by the movement of super-saturated air, 
and the ice crystals were nearly always deposited in a definite form on all projecting 
objects exposed to the air. The peculiar characteristics of these “ fog crystals ” were : — 

(1) They were deposited in disproportionately greater amount on the windward 

side of these projections, and at times were even entirely lacking on the 
lee side. 

(2) When the deposition was accompanied by a fog, the latter was always a light 

one through which the sun could be seen. In the cases observed on the 
Barrier, a white fog bow could usually be seen in the opposite quarter to 
the sun. 

This last fact is of peculiar significance, in that these wliite fog bows can occur 
only in the presence of waterdrops,* so tliat we may have here evidence of water, still 
liquid, at temperatures down to —10“ F. 

Before the question of snowfall is left, it seems desirable to point out that definite 
falls of snow from isolated clouds did not commonly occur within the limits of our 
experience at Cape Evans. At Cape Adare, however, in the summer, this type of 
snowstorm was of much more frequent occurrence, and this may perhaps be correlated 
with the greater prevalence of open water at that station. 

Precipiiaiion from Moist "Winds Blowing from the Ope7i Sea. 

By far the greater proportion of the visible snowfall at such stations on the coast 
of the Antarctic as Cape Adare must be attributed to light sea breezes which have 

* Or spheres of ice. In any case, the spheres, whctlier of ice in tho ainorphouH form or of wjiter, 
are of higher energy content than crystalline ice, and this may be due to a poverty of eondensation nueh'i 
in the air. Bentley also points out that the first crystals formed in freezing water are of circular setdion, 
and that the star-shaped forms do not develop until a later stage in tho growth is reached. {See also 
footnote to p. 61.) Small spheres of ice have been observed to form from tiny watordrops condensed on a 
microscope slide, the subsequent change to defimte crystalline forms being comparatively slow. Beilby 
has observed such icedrops to crystallise on being touched. 
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been warmed and have had their vapour content increased by their passage across 
extensive stretches of open water. Specialised examples of this type of precipitation 
are the deposition of hoar-frost, which occurs in connection with the appearance of 
frost-smoke over open leads and pools when the temperature is low. Perhaps the 
best example within the experience of the present expedition was afforded at Cape 
Adare, when, on August 16, the whole of the sea-ice north of Eobertson Bay was torn 
out during a hurricane, and a lead of open water a mile and a half to half a mile wide, 
and some twenty to thirty miles long, was formed. The blizzard which did the damage 
was succeeded as usual by light airs from the north-west, and the frost-smoke which had 
formed in great quantities as soon as the lead opened was blown towards and over the 
beach, so that the whole winter station was enveloped in fog so thick that for some time 
Cape Adare was invisible from the hut. This was the first opportunity afforded of 
making certain of the composition of the frost-smoke clouds which had so frequently 
made their appearance to the north during the preceding few months. This fog proved 
on examination to consist of a mixture of minute ice prisms, similar prisms with granular 
aggregates attached to them, and immature star-shaped crystals, in fact very much the 
same type of snow as had fallen many times before, when fairly low temperature had 
coincided with the occurrence of a saturated or nearly saturated northerly breeze. 

The proportion of snow which owes its origin to these sea breezes will naturally 
vary in different situations, but it seems probable that it is this factor which causes 
a considerable portion of the greater precipitation which is a characteristic feature of 
the more northern regions of the Antarctic continent. 

If we consider, for instance, the stations with which this memoir primarily deals, 
it will be evident that the amount of snow derived from this source must be much less 
at Cape Evans than at Cape Adare. The reason for this statement is easily seen. Cape 
Evans with its more southerly position is nearly surrounded by high land, while 
McMurdo Sound is seldom open for more than two or three months in the year. Tlie 
only region where open water may reasonably be expected to occur in a normal 
winter is to the north-east, where the Cape Crozier basin lies.* Surface winds from this 
direction are rare, and, in any case, the northern slopes of Erebus and the peninsula of 
Cape Eoyds are interposed between Cape Evans and the Crozier waterhole.j True sea- 
breezes, therefore, are in a normal year practically confined to the months from December 
to March or April. Even during these more genial months, the Ross Sea is often crowded 
with pack, and the amount of open water traversed by the air is therefore often 
comparatively small. 

- At Cape Adare, on the other hand, we have a situation which differs from that of 
the stations on Ross Island in many essential respects. The peninsula, in the lee of 
which the station was erected, is surrounded on three sides by sea, and only on one side 

♦ It seems more than probable that the heavier snowfall (compared with that in 1911) at Cape Evans 
in 1912 was directly associated with the fact that the sea in the outer portion of McMurdo Sound did not 
freeze over in 1912. 

t Maps III and V. 
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— ^that bordered by Robertson Bay — was the sea-ice at all permanent in 1911. During 
the whole of the winter of that year the pack in the Ross Sea was seamed with waterholes, 
and we had constant evidence in the shape of rolls of cumulus cloud and patches of frost- 
smoke, that much more extensive leads of open water existed to the north and north- 
west. Indeed, it seems probable that at no time was the main body of the open water 
more than fifty or a hundred miles distant from the Cape for many days at a time. 

Conditions at Cape Adare should, therefore, have been eminently favourable for 
the occurrence of the particular type of precipitation we are now considering, and this 
proved to be the case. During Marcli and April, wliilc the sea to the north remained 
entirely open, a considerable quantity of snow fell, almost all in calm weather or with 
a light north-westerly wind. The clouds in almost every case could be seen gathering 
out to sea, and at times as many as six snow-squalls could be seen at the same time around 
the horizon between N.W. and N.E. These snow-squalls would move slowly towards 
the south, and many of them passed over the beach on which our station was situated. 
The largest falls in these two months — 5j[. inches on March 10, 2 inches on April 4, and 
3^ inches during the night of the 26th — ^were all of this type. 

The first half of May was marked by strong southerly wind.s, and, after these had 
ceased, the temperature fell so low that the sea froze over quickly. The result prave<l 
to be an immediate diminution in precipitation, and tliese conditions lasted throughout 
May and June. In July the waterholes again commenced to open up, and it can hardly 
have been a coincidence that the snowfall immediately showed a marked increase. It 
seems probable that the open-water surfaces were sufficient to saturate the air near tliem, 
while a continual succession of light airs kept up a free (drculation in the atmosphere 
and so prevented the formation of a number of distinct isolated areas of precipitation. 
Whether this was the case or not, July and Aiigmst wore marked by continual precipita- 
tion, much of it in the form of hoar-frost. In November and Dc(Tinbcr, when summer 
conditions had once more set in, the correlation of calm weather and westerly jiirs 
with comparatively heavy snowfall was again most marked. Time after time, the 
remark “ Calm or north-westerly airs ” occurs in the meteorologicyd log side by side 
with the record of falling snow. Certainly there can be no question but tliat this type 
of precipitation, while mainly restricted even here to the summer months, was responsible 
for the greater portion of the snow which fell during the year 1911 at Cape Adare. 

At Inexpressible Island, the station of the Northern Party during the year 1912, 
a large waterhole was kept open by the prevalent westerly gales during the whole 
winter. The gales, blowing as they did directly from the cold plateau, were usually 
devoid of snow except in the first few hours. Only on two or three o^^casions during tlie 
winter was the snowfall in this district at all lieavy, and each of these occasions was 
characterised by a south-easterly wind of medium strength. These winds imist have 
crossed the open water before they reached the drift in which the laving Cave had 
been dug. 

During the six weeks of summer sledging which preceded this winter, only three 
snowstorms of any magnitude occurred in this area. Each of these, however, was 
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unusually heavy, 12 to 17 inches of snow being recorded on every occasion, and each 
was directly connected with the presence of open water to the east. Clouds gathered 
to seaward, moved slowly inland, and the snow was precipitated when the clouds came 
in contact with the mountains above the camp or with Mount Melbourne. 

A special case of the precipitation of snow in calm weather was well seen on the 
west side of Robertson Bay, and here it is probable that the conditions observed in 1911 
are normal, and may be expected to recur from year to year. The abrupt rise of the 
Admiralty Range and its immature dissection along this stretch of the coast, have 



caused the formation of an area of calms bordering the coast-line. Here the air 
is undisturbed by the fierce and long-sustained gales which characterise the weather 
of the east side of the Bay. These gales have a distinct effect on the snowfall of the 
calm area, for the air they bring to the west is at a high temperature and has a 
relatively high water-vapour content. When this meets the colder air of the calm 
belt along the west coast, a veil of snow is formed all along the border of the latter. 
A comparison between the uncorrected temperatures at Cape Adare and those on the west 
side of Robertson Bay during and before such a gale is shown in Fig. 6. From the 
deviations of the sledging temperature curve from that obtained at Cape Adare and 
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from the abrupt troughs in the former, it will be clear that here are conditions favouring 
a relatively heavy snowfall. That this was actually the case was demonstrated by the 
presence of loose snow 3 or 4 feet deep on the sea-ice in the bays at the back of the calm 
area (Plate VIII). Further evidence in favour of the same contention was to be seen, 
as will be shown later in this memoir, in the structure of nearly all the glaciers on this 
side of the Bay. 

The facts cited above are sufficient proof that a considerable portion of the 
Antarctic snowfall at Cape Adare takes place in comparatively calm weather, and that 
the material is largely derived from the neighbouring sea. If further proof were required, 
many similar examples could be adduced in support of our contention. It remains 
only to emphasise the fact that it is to this source of snowfall we must chiefly 
look to explain the areas of greater precipitation that at first sight seem to form 
exceptions to the general rule which would range Antarctica amongst the desert 
continents. 

(6) Amount of Prkcipitation. 

Of chief importance to the study of the Glaciology of any region is the amount of 
snowfall in the place under consideration, in convparison with the amount of snow or 
ice removed by ablation, melting, wind and other denuding agencies. It is the <lifference 
between the two, rather than the actual amount of either, that is effective in promoting 
or reducing glacierisation.* 

The estimation of this quantity is a matter of exceeding difficulty, for as a rule th<‘. 
fall of snow cannot be measured in a cylinder similar to a i’ain-ga\ige, becaiise it is often 
accompanied by considerable wind ; and, as mentioned above, it is almost impossilile to 
distinguish between true snowfall and dctrital snow carried by blizzar<l winds. A 
quite common occurrence in the Antarctic is to find that, after veiy thick blizxards 
lasting for three or four days and carrying very heavy drift, the net result is, not a 
deposition, hut a denudation of the former snow surface. It is therefore only in certain 
places that one is able to make any estimate of the amount of sih)W added to the surface 
during the year. 

Of these estimates the best authenticated is due to an observation by Joytte in 
January, 1909, on the Ross Barrier, when he rediscovered Captain Scott’s Discovery ” 
Depot A, after an interval of six years, four and a half months. The depot was by this 
time almost completely covered, and the superficial deposit indicated a mean annual 
excess of snowfall over precipitation of 13 inches of hard snow of <lensity about 0‘5, 
a quantity equivalent to 7| inches of rain per year.f 

A much rougher estimate of the snowfall may be derived from the amount of snow 
found on the sea-ice between Cape Evans and Hut Point, just before the break up of the 
sea-ice, or about ten and a half months after its formation. At this time the sea-ice 
here is covered with large dome-shaped sastrugi up to 3 feet high, and with an average 
height which we have estimated as about 14 inches of hard snow, whose density esannot 

* ‘ Glacierisation — The Inumlation of Land by Icc,’ Cliaptcr V, p. 131. 

t B. H. Shackleton, ‘ Heart of the Antarctic,’ vol. 2, Appendix V. 
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be far from 0*5. This estimate can make no pretence to great accuracy, but we may take 
it as representing an excess of deposition over denudation for the year of between 
8 and 20 inches of this hard snow. 

At Cape Adare, also, the accurate calculation of the amount of snowfall proved 
impossible ; and, indeed, had it been possible, it would have been of little practical 
significance. Not only was the Cape itself kept free of snow by the gales which swept 
it periodically, but also the beach on which the hut was erected, and the whole of the 
sea-ice on the east side of Robertson Bay had retained no snow at all at the end of 
December, when our observations were discontinued. It is probable that some 80 or 
100 inches of soft snow (corresponding perhaps to 12 inches of rain) fell in the neighbour- 
hood of winter quarters during the ten months the station was occupied, yet the Cape 
and its surroundings were as bare of snow when left as when first occupied. 

The case of the west side of Robertson Bay was, as already stated, very different. 
During the period May-September, 1911, between 36 and 48 inches of snow had accumu- 
lated on the sea-ice in the back of Relay Bay, the Bay of Bergs, and Pressure Bay. This 
snow had not been compacted by wind, but it is probable that it had sunk somewhat 
under its own weight, and through molecular readjustment. Probably it represented 
as much as 70-80 inches of the light fleecy snow which falls in the Antarctic autumn 
and winter. In all likeliiiood this 70 inches represents decidedly less than half of the annual 
snowfall in the region. Confirmatory evidence in favour of this is afforded by the fact that 
permanent snow deposits are undoubtedly being added to the glaciers of this region. 

Nowhere would it be possible to find a more strikiug object-lesson of the folly of 
generalising about the Antarctic climate from isolated data, than is provided by a 
comparison of these two districts existing side by side in Robertson Bay. To the east 
we have denudation holding uninterrupted sway. The glaciers are decreasing rapidly in 
size, such snow as falls during the year being immediately swept away by the winds. 
To the west, on the other hand, we have a steady snowfall, only slightly greater than that 
on the east, which yet succeeds in holding its own. 

We have little other evidence enabling an estimate to be made of the amount of 
snowfall along the west coast of Victoria Land. At Evans Coves,* as might be expected, 
the snowfall recorded in 1912 was distinctly less than that which occurred at Cape Evans 
or at Cape Adare the previous year. This may be attributed to the prevalence of dry 
westerly winds blowing continually from the plateau. As these winds approached the 
coast they would suffer a rise in temperature due to their descent. The gales, therefore, 
could not deposit moisture. It was only when a local reversal in direction of the wind 
took place that heavy snowfall occurred. Then the southerly wind would force its way 
over to Inexpressible Island, having first traversed the Evans Coves’ waterhole and so 
replenished its supply of moisture, and the forced rise of this air would cause a snowfall 
of greater or less magnitude. During the whole of our stay at the island, less than four 
feet was added to the drift in which the cave was excavated, and this was obviously 
immensely more than the average fall for the island, being chiefly drift-snow collected 

* Map XIV. 
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in a lee. Inexpressible Island, like Cape Adare and Cape Evans, must be added bo the 
list of the districts where deglacierisation is taking place, the difference — precipitation 
less denudation — being a minus factor. 

A further estimate may be made, based on the thickness of snow deposited on the 
pack-ice in the Ross Sea. This estimate is complicated by the fact that our knowledge 
is so scanty regarding both the time which has elapsed since the first formation of the 
pack, and the amount of raising or lowering of the water-line level, due to the weight 
of the superincumbent layers of snow and the consequent flooding of the lower portion 
of the snow by sea-water. For this reason, and since the period elapsed since the first 
formation of the floes is unknown, it does not seem that any useful information can 
be obtained from this source. It is clear, however, tliat the snowfall on the pack-ice 
in the Ross Sea is much less than that observed by Drygalski* near the Caussberg or by 
Wordief in the Weddell Sea. 

It seems best for purposes of calculation to use the single observation which was 
made on the Barrier, which has the advantage of applying to the mean of a number of 
years. We will, therefore, assume that, on the Barrier, in the vicinity of Minna Bluff, J 
there is a yearly exesess of preevipitation over denudation equal to inches of rain. What 
the actual total precipitation may be is even more difficult to estimate, but judging by 
the amount of snow which may disappear in the summer, between tlie successive blizzards, 
the total precipitation here cannot be far from 1 to 2 feet of water per year. 

A point of some importance is the relative amount of snow pre<;ipitat4ul during the 
different seasons of the year, and this is especially vita! from the point of view of the 
temperature conditions corresponding to the period of maximum glaciation. 

For Capo Evans and places in its vicinity, the statement may be made that, 
e.xcepting the three summer months, the greatest amount of prticipitatio!) appears to 
take place in the spring. In any case it is from the first of Octolxu* tc» the end of November 
that the quickest growth of snow takes place on the sea surface. 

Further, the general statement tjan be made tliat more snow is permanently added 
to the surface in the warmer months than in the colder part of the year. At least three 
causes arc probably operative in producing this result — 

(1) a greater snowfall, 

(2) a lower summer wind velocity, and 

(3) a higher temperature. 

Both of these last are operative in preventing deposited snow from being swept 
away by wind. 

■^rhe records from otlier stations occupied by the present Jflxpedition are very 
fragmentary, for .at no other station did a party spend a (jomplete twelve months. All 
the records obtained, however, point towards a heavier snowfall in summer. This was 
marlcedly the (‘lase oven when, as at Cape Adarci, th(‘, results were complicated by tlie 

* Dryfi^alski, .15. vou, ‘ Awli. Scictneos phyM. et toim*. xxx, October, 1!M0. 

t Wordle, J. M., ‘ Trans. Roy. Soc. Kdin,’ vol. lii, l*ai't iv (No. 31). 
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occurrence of sporadic leads and waterholes throughout the year, with consequent 
increase of the precipitation in the winter months during which these leads were open. 

During the short summer campaign of the Northern Party, in the neighbourhood 
of the Campbell and Priestley Glaciers, three snowfalls, ranging from 12 to 17 inches 
each, were recorded within six weeks in January and February, 1912. These falls were 
unusually heavy for the Victoria Land sector of the Antarctic, and yet the winter snow- 
fall in the same region was quite small. 

Observations by other Antarctic expeditions are in general agreement with this, as 
will be seen from the following Table : — 



Gourdon. 

Arctowski. 

Shackleton. 

Spring 

110-6 in. 

71 in. 


Summer 

122-1 

66 


Autumn 

67-3 

65 


Winter 

76-5 

69 


Year 

376-5 

271 

230* 


In review, the following points appear to be substantiated : — 

(1) The amount of snowfall depends to a great extent upon the local meteorological 

and physiographical conditions, two areas side by side often showing 
enormous diflterences in snowfall. 

(2) The snowfall at Cape Adare and at stations on the edge of the continent near 

the polar circle is greater than that observed further south in McMurdo 
Sound, on the shores of the Ross Sea and on the Barrier. 

(3) The best substantiated figures refer to the annual deposition on the Barrier, 

which is probably not far from 12 to 24 inches of water, of which 7-^ inches is 
annually added to the surface, the remainder being lost by ablation and 
other causes. 

(4) Not only is the snowfall greatest in spring and summer, but conditions are such 

as to ensure that this summer snowfall is much more likely to form a permanent 
addition to the surface than that which falls in autumn and winter. 

Though the adopted value for the yearly excess of precipitation over evaporation 
(7^ inches of water) is not large, it is still of sufficient magnitude to account for the 
present glacierized condition of the continent. It should be remembered, however, that 
this 7-|- inches refers only to those flat snow surfaces which are clean and situated well 
away from any silt or rock outcrops. As wiU be seen later, the presence of such foreign 

substances exerts an enormous influence on the amount of melting or evaporation ^so 

true is this, indeed, that in the presence of large quantities either of silt or of rock, 
denudation may be very considerably in excess of deposition. 


* Seasonal fignies not available, 
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MODIFICATIONS OF SNOW SURFACES. 

The three iiiiiin u^^ents which tend to modify a snow surface after its deposition are 
wind and drift, temperature, and internal change of structure. 'ITiese will be considered 
separately as regards their action on the snow surface, and, so far as possible, without 
reference to their effect on the denudation of the surface, whic.h is dealt with, in another 
Chapter. 

(1) Modijicat.ion by Wiml ami Drift . — ^Wo shall first deal with modifications produced 
by the wind at the time of the deposition of the snow. Mention has already been made 
of the sastrugi, or wind ridges and furrows ; and it is essential to draw a distinction 
between the sastrugi which arc due to deposition or addition of snow to the former 
surface, and those which are caused by the erosional ac.tion of tlie wind. Under the 
former heading come, not only the large sastrugi as generally understood, but also 
the ripple marks on the snow surface, the drifts on tlie lee and windwarrl side of obstacles, 
and snow cornices. 

In general it may be stated that the principle upon which tlie forMUtion of Siistrugi 
depends is that a critical wind- force is necessary at any spot on the snow surfa<!e to keep 
the snow from coming to rest. This critical force must have a definite value for dry 
snow for each definite weight and shape of snow grain. Since in the Anttxrctic the snow, 
except when soaked with brine, is only wet on the rare oc.casions when the toinperature 
is but a degree oi’ so below freezing-point, the observations we have mad(s rehu' only 
to the case of dry snow. 

On a uniform level snow surCaco, if the wind were of uniform forcte, we miglit expec.t 
that the top surface would bo (tovered with a mass of small crystals rolling uniformly 
along with the wind, while all crystals above a certain size would be at rest. 

In reality, however, the air moving along a surface is in turbulent motion ; so that 
eddies, dependent in size on the wind force above and away from the ground, are formed 
along the surfacje. 

If the snow is falling with wind, the result is that de})osition will take pla<?e «dueHy 
ill places where the wind velocity is downwards, and thus a series of ripples arc formetl on 
the snow surface whose distance apart is equal to the distance between the suc^cessivo 
eddies (hig. 7 ; .Plates IX, X and XI). Since also the eddies are moving forward 
with the wind, the ripples in the snow 
move forward also.* "J’he mechanism 
of this movement consists in an ab- 
straction from the windward side of — 
the ripple and a deposition on the 
leeward side. According to Cornish,f 
the rate of movement of the ripples 
in a wind is 2 inches per minute for 

a wind velocity of 30 miles per hour. Under the continued action of the wind, the 
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* OornUh, ‘ tJeogr. Mag.,’ 1902, p. 137. 
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drifting snow gathers together in heaps on the surface and, finally, forms the normal 

form of deposition drifts which are 
indicated in vertical section in Fig. 8. 
In plan they are longer than they are 
broad. Cornish* gives a very good 
description of the sequence of events, during the change from the approximately level 
ripple-marked patch, to the smoothly-rounded dome, or horseshoe-shaped drift, or 
barchan (Fig. 9). 

With us in general the barchan 
t37pe occurred only rarely, and the 
nearest type of deposition drift to the 
barchan was the simple dome-shaped 
drift with slightly steeper slope facing 
the wind. This type of sastrugi, how- 
ever, was never common with us except 
in two restricted districts, within whose 
limits the sastrugi were almost all of 
this form. The two districts were the stretch along the sea ice from Glacier Tongue 
to the Barrier, and from Comer Camp for a distance of about 20 miles in a southerly 
direction. Both these stretches seem to be positions where the wind blows almost 
continuously, though not with excessive violence. In both areas, the surface is excep- 
tionally hard and favourable for sledging. 

A study of such a surface in the rays of the low spring sun is of exceptional interest. 
Looking in the direction of the sun, the old polished patches of snow show a distinct 
yellow sheen ; newer patches, a faint yellow sheen ; later patches, still, have a distinct 
bluish tinge ; and the very latest drift has quite a violet hue. This efiect is probably due 
to the different sizes of the crystals forming the surface layer. In the oldest patches, 
the crystals are sufficiently large to form an almost icy covering and to give a fair reflection 
of the sun’s rays, while in the case of the latest drift with smallest crystals, the light 
reaching the eye is largely that reflected from various points of the blue sky. The 
surface in these two regions, in the spring and summer at least, is wholly covered with 

the dome-shaped sastrugi, and the 
formation of each new drift appears to 
take place in the depressions or hollows 
between those already existing, some- 
what as in Fig. 10. The maximum observed height to which this form pf sastmgi 
attained in the course of nine months was 4 to 6 feet. 

In the above, we have assumed that the whole action of the wind is depositional 
in character, though it is clear that, in general, deposition may take place in one portion 
of the sastrugus, simultaneously with denudation in another part. It will also be clear 
that, normally, we have to deal with crystals of diSerent sizes and wei^ts, and therefore 

* Loo. dt., p. 166 . 
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Fig. 10. 




Fig. 8. 



that the smaller crystals (of lately fallen snow) can only come to rest in places 
of the least wind velocity, or in the hollows and on the lee tail of the sastmgi, 
while the heavier forms may be deposited closer to the windward portion of the 
drift. Since the sastrugus of this type usually grows in height during the course 
of a blizzard, the growth must occur by the lodging of the heavier grains on 
the upper surface close to the windward slope, and the addition of smaller grains in 
the lee. 

The actual motions of the different crystals may be seen at times, and was par- 
ticularly noted on November 25, 1912, during the return of the search party. At this 

time, terraced sastrugi.were being formed ^ 

as in Fig. 11 and Plate XII. The drift ^ 

was low and never rose more than 3 feet ^ 

from the gromid, and the wind velocity 

was from 20 to 25 miles per hour. A little above the surface of the Barrier, the finer and 
lighter snow crystals were being carried uniformly along with the wind with a velocity of 
many feet a second, while the larger and heavier grains were slowly rolling along the 
uneven surface at the rate of a few inches a second. It was evident that the distinctive 
forms of the sastrugi were due to these heavier and more slowly-moving grains. They 
could be seen moving slowly along with the wind, being deflected or stopping as they 
met obstructions, and continuing on their way once more when the wind incrcjised 
in violence. 

Before leaving this subject, it should be pointed out that the fornm aasuined 
by these drifts are in general agreement with the principle that the drift will 
take such form as will present as little resistance to the wind as possible, tliat 
is, a form in which the greatest thickness is nearest tiie windward side of the 
drift.* 

The question at once arises — Why is tins form not maintained during the process 
of erosion of the drift ? This must be due to the fact that the process of erosion is nob 
similar to that of deposition ; it is not carried out by an erosional action dependent on 
the wind pressure alone, but is due to a much greater extent to the mechanical cliisolling 
action of the drift snow. (That this chiselling action may have very considerable 
effects, even in eroding ice, will be seen later.) If the action of erosion were not of this 
type, it is obvious that the erosion would always be least at the lower levels, wliere the 
velocity is least, whereas, in the case of the undercut -sastrugi of denudation, which will 
be mentioned later, the action has certainly been greatest at the lower levels where 
the heaviest granules, which are most eflective for mechanical denudation, arc kej[)t in 
motion. 

* The resistance of an obstacle to wind and the amount of eddy motion caused by the obstacle is 
least when the latter is of streamline form, the resistance and turbulence being greater tlus more wid«jly 
the streamline form is differed from. Since the amount of deposition is chiefly dependent on the degree 
of turbulence in the air-stream, it is not unreasonable that the drift should be deposited in such positions 
and amount as will cause the streamline form to be approximated to. (See also B. Karrcr, * Joum. Franklin 
Inst.,’ December, 1921.) 
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Furtlier evidence is furnislied by observations of tbe manner of tbis erosion on a 
dome-sbaped sastrugus of deposition. Tbe first step is tbe accentuation of tbe windward 

slope of tbe dome and tbe formation of steps or terraces, 
as shown in section in Fig., 11. In tbe course of time, 
accidental irregularities in tbe shape of the windward 
face cause a local concentration of tbe wind, and these 
positions become more and more eroded. They finally 
take on tbe form of re-entrants, until, in tbe second 
stage, tbe stepped and terraced appearance becomes 
equally marked in plan as formerly in section (Fig. 12). 
The points to be particularly noted with regard to tbis 
form are tbe straight edges A and B, and the sharp 
ridges C and D, on tbe upper surfaces of tbe erstwhile 
gently convex top. In tbe course of time, tbe bays E 
become more and more pronounced, and finally cut completely** through tbe drift 
and leave it in tbe form of long sastrugi directed parallel to tbe wind, and of shape 
somewhat as illustrated in Fig. 13 and 
Plate XIII. 

A modification is commonly to be 
seen when sastrugi of tbis type have not 
yet reached their full development. They 
then assume tbe form named by us 
“ marbled ” sastrugi (Plates XIV and XV). 

One of tbe most striking forms tbe sastrugi can take is observed when a surface 
which has for some time been hardened by exposure to wind and weather is finally 
eaten into by tbe drift. Here tbe upper crust is sufficiently bard to resist the attacks 
of tbe wind and the drift, while undercutting of tbe front and sides takes place to a 
truly remarkable extent,* until tbe sastrugus is as shown in Plates XVI and XVII, 
tbe tongue being left with so little support that it often bends downwards or breaks 
under its own weight. It is tbe common occurrence of tbis form which particularly 
leads to tbe idea that tbe sastrugi of erosion are due rather to the chiselling action of 
tbe snow grains carried by the wind, than to tbe force of tbe wind itself, since it is 
along the lowest channels of tbe surface that tbe heavier grains will be rolling. 

As regards tbe actual amount of snow that can be eroded by tbe blizzard, more will 
be said later, and we will content ourselves here with tbe statement that 18 inches of bard 
snow surface have been observed to disappear completely in tbe space of a short 
12 hours — ^a rate of denudation which is higher than tbe observed rates of 
deposition of snow in these same places. Before leaving tbis point, however, emphasis 
should be laid on tbe fact that sastrugi formed by deposition during snowfall consist 
in general of small floury crystals, which are fairly soft under foot and which do not 
form a good sledging surface. On the other hand, those due to. the prolonged action 



Fig. 13, 



Fig. 12. 


* Pig. 24, p. 43. 
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of wind carrying only drift, consist in general of the harder and more resistant portions 
of the original surface. These form a good sledging surface, except in cases where the 
sastrugi are long and narrow, and so high as to cause steep gradients, and hence 
demand particular exertions and precautions in order to prevent the sledges from 
capsizing. 



Drifts in the Vicinity of Ohsta>des. 

In the above remarks on the subject of sastrugi, no mention has been made of the 
formation of snow-drifts in the vicinity of obstacles. It seems desirable here to deal 
with this point also, since the deposition of snow under locally modified conditions 
can reach dimensions immensely greater than on an open and almost level surface. 
Plates XVIII and XIX illustrate this well. 

As in the case of the formation of the 
sastrugi of deposition, deposition in drifts in the 
vicinity of an obstacle is conditioned by the 
eddies and irregularities in wind velocity caused 
by that obstacle. 

The simple case of a small obstacle of 
dimensions only a couple of feet each way 
presents little difficulty. In plan and section, 
the directions of the wind are shown in 
Figs. 14 and 15. Where eddies occur the average 
wind velocity is less, and the snow is, 
therefore, deposited in these positions to foriti drifts, whicli finally assume the form 
shown in Fig. Ki. These drifts are similar to tlie normal type of sastrugi of deposition 
in having a steeper slope in front than behind, the point of greatest height (the obataolo) 
being very much closer to bhe windward than to the leeward aide. 

Where the drifts reach a considerable size, such as those formed near the Winter 
Quarters at Cape Evans and Cape Adare aroufid the stranded bergs imbedded in the 


Fig. 14. 
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Fig. 1». Fig. 17. 


sea ice, the forms assumed by the drift are much more complex. The drifts that form 
around these bergs are, at first sight, of peculiar shape. The drift to windward is 
represented in plan in Fig. 17 ; it is of fairly gentle slope, and may grow by the latter part 
of winter to a depth of 10 feet or so. The form of this slope along the line AB is illus- 
trated in Fig. 18, which shows that an unfilled gap is left between the berg and the drift, 
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with usually a small overhanging comice on the leeward edge of the drift. During the course 
of the winter, the drift grows in size, but — ^for a considerable deposit on its surface 
moves only a little closer to the berg. Finally, if the drift snow has been sufficiently 
heavy during the winter, the drift may move right up to the berg so as to close the gap 
completely. In general, we may say that the rate of closing of the gap is slow, until 
the cornice becomes sufficiently close to make this region one of relative calm, after which 
the drift fills it up very quickly. Since the strength of the wind in this “ wind-gully,” as 
it has been called, is dependent on the height of the berg forming the obstacle, it is 
easily seen that it is only for the lowest icebergs that it will become completely closed 
during the course of one winter.* A section along the line CD is shown in Fig. 19 . In 
addition to the wind-gully on this side of the berg, lateral gullies are also developed at the 



Fig. IS. 19. 


sides, and these do not usually fill with snow during the course of the winter. The section 
XY is drawn in Fig. 20, to show the form of these drifts. These “ wings ” extend a 
considerable distance to leeward and are shown in section in Fig. 21. 

One of the points about these drifts, which at first sight appears very curious, is 
the large area of bare ice in the lee of the bergs ; whereas the sea ice in the open has 
generally a few inches of snow on it. In the neighbourhood of Cape Evans, such bare 
patches extended a full half-mile to leeward of all bergs (of height, say, 60 feet) and tliese 
patches remained free from snow throughout the course of the whole winter. By 
observation we know that the wind velocity here is very much less than in places away 
from the shelter of the berg, and the absence of drift can only be due to upAvard air 
currents over this region, the air for these currents being probably supplied from the 



Fig. 20. Fig. 21. 

lateral wungs. Since the upward draught cannot be of any great force, the phenomenon 
bears eloquent testimony to the small amount of precipitation during calm weather, as 
distinct from drift precipitation, during the winter months in McMurdo Sound. 

It should be noted that no bare patches of this nature were recorded in the neigh- 
bourhood of Cape Adare. In this latter region, great numbers of bergs of all sizes were 
stranded on the shoals off the end of the Cape, and these were later included in the 
sheet of sea ice which covered the sea during the winter. From the .time that the sea 
ice was thick enough to bear the weight of a man, these bergs were kept under obser- 
vation by the members of the Northern Party. In the case of the largest bergs, with 

* The gap does not close during a sin^e season in the neighbourhood of Oape Evans or Cape Adare 
unless the berg is quite a low one. 
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a height of feom 50-90 feet, it was usually found that a small loose drift was situated 
immediately to leeward of the bergs, long drifts of compact snow occurred at either 
lateral extremity of the lee, and a long hard drift of the type described in a preceding 
paragraph tailed away to windward. So far the drifts tally very well with those seen 
at Cape Evans, but there was no bare space stretching half a mile or more to leeward ; 
on the contrary, a space of similar size would be marked by the presence of a considerably 
greater amount of snow than, existed on the clean-swept sea ice of the unsheltered 
situations on the east side of Robertson Bay. The soft un compacted nature of this 
snow vouched for the lighter character ef the wind in this area, while deposition was 
taking place. 

It seems probable that the discrepancy between the observations at Cape hlvans 
and at Cape Adare is quite naturally explained by the assumption of a greatoi* snowfall 
during calm weather at the latter* station. Earlier in this cliapter, prominence lias been 
given to the excess of snowfall in calm weather over “ blizzard snowfall,'” along the more 
northerly portions of the Antarctic coast, where open water plays an important pai't 
throughout the year, and where north-westerly and nortlierly winds bloiving oil. the sea 
are to be expected. At Cape Evans, on the other hand, snowfall of appreciable amount in 
calm weather seems to be the exception rather than the rule, and the amount is 
not sufficient to make up for the loss sustained through the removal of snoiv which 
takes place under the influence of ablation. In sucli a case, if tlie “ blizziird 
snowfall ” and the dctrital snow carried by gales are prevented from dcposiling in any 
particular spot, clear spaces might easily be formed. 

Another type of clear space, however, is undoubtedly (*ommon to all regions of ihe 


Antarctic where favourable circumstances e.xist. 


We refer to those which are the direct 


result of “ funnelling.” Wherever two obstacles o(.‘c*nr close togetlnn* in the ])ath of the. 
prevalent strong wind, the air is “ funnelled ” between these obstacles, a.nd tlu' erosive 
power of the snow-drift it earries is, therefore, much increased. In all regions where 
strong winds exist, such clean-swept spaces occur, and they are especially a. feature in 
areas of pressure ice and of sea ice where bergs common. Berlnips the best exaniph' 
known to us is that between Dunlop Island and the mainland of Soutli Vi(itoria Javnd. 
Here the sea ice is swept almost, at times quite, clear of snow for a length of 3 miles or 
more, and for a width corresponding to the breadth of the channel. 

Even behind small obstacles of about 10 feet cube, 
tlie general form of the snow-drift is maintained, the two 
wings extending a full 200 feet before finally merging.* 

Quite commonly for obstacles of about this size, a small 
drift is formed in the position X (Eig. 22), but this 
never attains any great size. The maximum thickness 
of the drift, in the case figured, is about 4 to 5 feet of 
hard snow. 


Jit'i i' *• 
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Fig. 22. 


* Obviously those drifts will be developed in their best form in sitimtions where the wind does not 
vary in direction. 
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One of the most striking of the effects we have noticed in the Antarctic connected 
with the formation of drifts, is that of drift formation on the lee side of hills. If, at 
the beginning of winter, the rock slope (say, of 26® slope) is hare, a drift is formed 
with the advent of the first blizzard. This at first grows in depth with remarkable 
speed, but mth each succeeding blizzard grows more slowly, till finally a critical 
slope is reached, after which no appreciable further increase in depth takes place. 

We have, unfortunately, few observations of the gradient of this critical slope, but 
in the case of the drift at Evans Coves, in which the Northern Party made their winter 
quarters in 1912, it was approximately 10°, or a rise of about one foot in six. At Cape 
Evans, the gradient was on the average about one in seven. 

Owing to the enormous amount of drift snow carried by the wind, the precipitation 
in the lee of such obstacles is very heavy and, under favourable circumstances (for 
instance, in the lee of the small 8-foot bank of ice into which the pendulum cave was 
exacavated), would attain a thickness of about 6 feet in twelve hours. This was a 
source of considerable trouble, while the cave was in use, as this 6 feet had to be 
excavated after each blizzard before the cave could be entered. While this quantity 
of drifted snow was being deposited in such sheltered positions, however, the deposition 
in the open would seldom be more than 2 or 3 inches, and was quite generally a minus 
quantity. 

From what has been said above, concerning the formation of drifts behind obstacles, 
it will be clear that all pronounced hills will, during the course of the winter 
months, collect in their lee drifts of considerable magnitude — of such magnitude 
indeed that the melting and general ablation during the summer may be unable to 
remove the winter’s deposit of snow (Plates XVIII and XIX). This growth, we know, will 
have been very quick in the fibrst stages of its formation, and will become much slower as 
the critical slope is approached. When, finally, the critical slope of the drift is reached, 
the snow-drift will cease to grow, and will then vary in thickness and in gradient about a 
mean value — ^the maximum thickness occurring in winter or spring when the drift has a 
slight snow-covering, and the minimum in early autumn consequent on the consolidation 
of the maximum proportion of snow into ice, and the effect of the summer thaw in 
denuding the upper surface of the drift. The magnitude of these drifts is therefore 
determined by the size of the obstruction to which they owe their formation. The snow 
is subsequently changed into ice by natural processes and they then form diminutive 
snow-drift glaciers or glacierets. 

A special type of drift* is that often formed on the lee side of a cliff, abutting 
against the sea ice. Different cases may here be distinguished according as the cliff 
facing the sea is low (of the order of 20 feet or less) or of greater height. 

In the first case, the amount of snow is usually sufficient finally to form a completed 
gently sloping drift reaching down to the sea ice, iand continuing for some distance out 
on the latter. The slope of such a drift is never less than the above-mentioned critical 

* The teims “ drift ” and “ snow drift ” are commonly applied both to driven snow and the deposits 
resulting therefrom. It has not appeared possible to avoid this dual use of the words. 
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slope and is generally steeper the greater the height of the cliff (Plates XX and XXI). 
This drift will in general continue to grow until the break-up of the sea ice in the late 
summer, when the sea ice floats away to the open sea, carrying with it that portion of 
the drift which rested on it. 

A description of these annual drifts will be found in the cluiptei* devoted to the 
discussion of the Antarctic Icefoot, of which such drifts form one type. 

When the cliff face is of considerable height (50 feet or more), a drift is unable to 
form in the lee of the cliff (Plate CXXX). In such a case some peculiarity of the wind 
eddies (probably an upward draught) prevents any great 
deposition of snow-drift on the sea ic.e in the lee of tlie 
cliff, the solo exception being a very small amount of 
loose snow which finds its way to the bottom of the cliff 
and there forms a series of small fan-shaped deposits. 

There is, however, one special mode of deposition in the 
lee of steep cliffs which demands some notice, although 
it is only of small amount. We refer to the formation 
of snow cornices on the upper edge of the cliffs (Plates 
XXII and XXIII), a formation which may be attrib- 
uted to an eddy in the wind somewhat as in Fig. 23. 

These snow cornices are usually of singular beauty. The size to which they attain is 
not inconsiderable, but it is limited by the coherence of the snow and the weight of 
the cornice. When the moment of this weight about the point of junction becomes 
sufficiently large to overcome the coherence, the corni<?e falls and its mass is addoil t(> 
the small amount of snow already gathered on the sea ice. or icefoot Ixdow the (diff. 

(2) Modification of Snow Surfaces hy -In this discussion of the effect 

of temperature in modifying an existing snow surface, certain points will not be treated 
which will come more naturally under Chapter VIII, “ Ablation and Thaw," or 
later in this chapter. The simple statement will be jnade here that, on a free level 
snow surface away from rock, the temperature seldom rises above freezing-point (in 
some places never), aud is generally many degre^es below ; so that, i»i tlie general ctiso, 
as, for example, the Koss Barrier surfac^e, these modifications are not to })e (^ompare<l 
in magnitude with the clianges wrought by blizzards. 

First among the modifications to be considered is the general liardcning of the 
surface and the formation of crusts. This hardening is of peculiar importance from the 
sledging point of view, and takes place in two distinct ways : (a) under the wtion of 
wind, and (b) under the influence of high temperatures. 

From what has been said above, it is clear that a certain amount of hardening must 
take place under the action of wind, for any light snow not fairly well compacted will 
be blown away in the winds of blizzard force. The denudation of that portion of the 
snow surface wliich is not sufficiently hardened to defy drift-chiselling, comprises indeed 
the greater part of the action of the wind in the formation of sastrugi of erosion. It 
can, in fact, be taken as an axiom that a snow surfacic covered with sastrugi of erosion 
is a comparatively hard one. 
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It is quite generally observed that, where drifts form in the vicinity of any 
obstruction, that part which forms on the windward side is harder than the part on 
the lee side, where the wind velocity is less ; and, in the Antarctic, this appears to apply 
also to the case of sastrugi, either of deposition or of erosion. The weather side of the 
sastrugi, where the greatest slope occurs, is always considerably harder than the tail to 
leeward. 

In Canada, it is a well-known fact that the snow which falls in the woods and forests, 
where the wind is slight, is very much softer than that which falls in the open, and 
actually has a density only about one-half of that which is deposited under the influence 
of wind. 

In this case of hardening by wind, as well as in the case of hardening under higher 
temperatures, it is clear that time is a factor of no little importance. This is particularly 
true, however, in the case of hardening due to temperature, since time is required for 
the fulfilment of all structural changes. This hardening, or “ packing ” as it is called 
in Canada, is a natural process which fulfils itself at even the lowest temperatures, 
and is due to the growth, readjustment, and settling of the constituent crystals. 
This settling process is aided largely by the growth in size of some of the 
individual crystals at the expense of others, a growth which, as will be seen later, is a 
property inherent in any such agglomeration of ice crystals. This growth and the 
consequent adjustment continues at all temperatures, though at a significant!}’' greater 
rate at temperatures close to the freezing-point. . 

It would appear, then, that the surface might be hardest and best packed in those 
cases where the individual grains are largest, but this is by no means a true statement 
of the observed facts. The degree of interlocking of the individual crystals is of even 
more importance than their size. Thus, a much harder surface is quite generally formed 
-with the angular crystals and fragments of crystals of which the drifts in the Antarctic 
are usually made, than when the temperature is high and the individual grains 
are in the form of spheres of diameter about 3% inch, such as occur commonly in 
temperate regions, and very rarely in the Antarctic. In such cases as this, where the 
mass is formed of hail-like granules, the coherence of the whole is so small that 
the least differential pressure causes the grains to move. The foot, therefore, sinks 
for some distance into the granular mass, however little sinking might have taken 
place if the same weight had been distributed over a larger area. 

This case is somewhat analogous to that which one can observe on a sandy sea 
beach, in which there is an area of dry sand above high-water level while the lower part 
of the beach is wet sand sifted and packed by the water (which thus fulfils one function 
of the "wind on the snow in the Antarctic). The depth to which one sinks in walking 
over the dry sand is significantly greater than when walking over the moist sand by the 
water’s edge, and this is due, not to a difference in the size of the grains, but to the 
greater coherence of the mass of the wet sand, the moisture and method of packing 
here playing the same part as do the irregular outlines of the crystals in the typical 
Antarctic snow-drifts. 
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It lias been stated that both wind and tenaperature tend towards the formation 
of crusts on the snow surface. This is daily to be observed on. all sastrugi, and is 
shown particularly well in the case of the undercut sastrugi. formed when a surface 
exposed to the air for some time is finally eroded by a wind of sufficient strength 

to take away portions of the cnist and allow the wind access to the softer mass 
below. 

Fig. 24 is a diagram illustrating one of many very excelle.nt examples of such 
undercut sastrugi seen on the Campbell Glacier in January, 1012. Here they could 
be seen in process of formation, and the strength of the thin crust, exposed to the 
full force of the wind by the removal of the soft drift from beneath it, was moat 
remarkable. 

That these crusts are due in some measure to structtn*al changes is well shown 
on the Ross Barrier. Here, on digging down into the surface, the snow is found to be 
arranged in definite layers separated, at intervals of about 9 inches on the average, by 
layers of air reaching a thickness of about I inch and containing a very few loose crystals. 
This layer formation is of considerable aid in enabling one to dig out snow blocks 
suitable for building the pony shelter walls, as it is a simple matter with the aid of the 
shovel alone to obtain large blocks of roughly parallelopipedon sliape, and thus to 
build a wall as with bricks. In travelling over the surface of snow formations of this 
if' is indeed of common occurrence for portions of the surface, some Inindred 
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square feet or even yards in area, suddenly to sink with a curious rustling noise as the 
air layers are closed up by the extra weight of the sledging party on the surface. 

An observation made in Pressure Bay, near Oiipe Adare, seems to suggest that these 
crusts may form on the surface of the snow even in winter when tlie sun is absent, and in 
areas exposed to little or no wind. This spot is undoubtedly an area of fairly heavy 
precipitation characterised by a complete absence of wind. No sastrugi or other 
indications of wind action were ever seen here, and it was noted on the second visit 
of the Northern Party to this region in October, .1911, that the footmarks left on the 
former occasion, six weeks before, were exactly as they were when mad(\ with no 
indications whatever of wind in the interim. Notwithstanding this fact, a significant 
crust was noticeable about 9 inches below the snow surface, which, though not 
sufficient to bear the weight of a man. was still perfectly definite in character. 

The explanation of its formation seems to be quite straightforward, and to be refer- 
able to the presence of the warm sea ice below the snow. O’ho upper surface of the snow 
necessarily forms a surface of temperature discontinuity, and the heated air containing 
water vapour rising from the warm sea ice condenses most of its moisture at this 
position of temperature discontinuity, and forms there a less porous and more coherent 
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mass. If this explanation be correct, the formation of a crust may take place on the 
surface, independently of the action of the wind or sun, and conditioned by tune alone. 

This process appears to be sufficient to account for the inception of a crust at the 
surface of snow deposited under such conditions of low temperature and absolute calm. 
The later position of the crust, 9 inches below the surface, is satisfactorily explained 
by the superposition of later falls of snow, but it is now necessary to account for its 
subsequent growth under these circumstances. It seems probable that growth will 
continue if the crust, when covered, has already acquired sufficient coherence to offer 
a bar to the free passage of water vapour. In this case, since the temperature gradient 
of the snow mass is largely dependent on the convection currents from the sea ice, the 
obstruction to the convection currents caused by the crust will cause the latter to remain 
a surface of temperature discontinuity. . The growth of the crust may thus proceed under 
several inches of snow covering, and this appeared to be the case in the example in 
question, since the lapse of a fortnight seemed to make a decided difference in the 
rigidity of the hardened layer. 

Confirmatory evidence oi this subsequent growth is not lacking from other sources. 
The faces of many of the glaciers of the Robertson Bay district, and many of the bergs 
observed in the neighbourhood of Cape Adare and of the Nordenskjold Ice-Tongue, 
showed numerous delicate blue lines. These structural details of glaciers will be dealt 
with in another chapter, but there seems no doubt that, in many cases, the blue lines 
are former surface cruste initiated in the manner just described, the action contnming 
for some considerable time after the deposition of fresh layers of snow. It is significant 
that these lines of blue ice are almost, or completely, absent from the ice of the larger 
tabular bergs which owe their origin probably to some formation on a scale comparable 
with the Ross Barrier. These latter are probably formed under conditions where the 
summer temperature of the air and ice seldom approaches freezing-point, conditions 
which do not hold good on the smaller valley glaciers which transect the north coast 
of Victoria Land, and which give rise to the small bergs which here line the 
coast. 

Another striking occurrence which cannot well be explained, except in this manner, 
was observed on the surface of the Campbell Glacier,* where it is confined between the 
Northern Foothills and Vegetation Island. Here the surface of the glacier is heaped 
with drift many feet thick, and trenches dug in the snow proved it to be well stratified, 
and seamed every few inches with blue bands of clear ice. Though some of these 
were discontinuous, many persisted as far as the trench was dug. These blue bands 
ranged up to ^ inch in thickness and were most definite. They appear undoubtedly 
to denote the position of former surface crusts, and probably represent the surface of 
the snow during previous summers, or possibly of successive snowfalls. These bands 
are described more fully in Chapter VII, and are illustrated in Plate XXIV. We have 
never at any time noticed, in this portion of the Antarctic, the formation of ice on 
the actual surface of snow, except over sea ice. These layers must, therefore, have 
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grown from submerged hardened surface crusts by some subsequent change such as 
the one here referred to. 

A true ice crust is at times formed on the surface of drifts lying on the sea ice, 
during periods of very great warmth in the middle of summer. The growth of this 
ice crust must be facilitated by the action of warm air currents rising from the sea 
ice, and it is always associated with the presence of an air space below the ice layer. 
Once the ice layer is formed, however, it will act not only as an obstruction for the 
moisture from the sea ice, but also as an obstruction to the radiation into apace. 
The action is quite similar to that occurring in a conservatory, and the temperature 
under the ice covering will probably be several degrees higher than the air above. In 
these circumstances, it is easily seen that the temperature of the sea ice may rise above 
its melting-point without reaching a temperature suflksient to molt the covering of snow 
above. In the warmest days of the summer, it is indeed a common experience to 
meet crusts of this nature covering parts of the sea ice, while other portions of the 
surface consist of the normal snow-drifts. It was usually found that pools of water, 
or of very wet slush, occurred under the ice covering, while the unattacked snow-drifts 
were still solid and well adapted for sledge travelling. The selective action of the sun 
in such cases is probably governed by such circumstances as the proportion of rock 
dust in the different drifts, the age of the drift, and the slope of the surface. The first- 
mentioned factor is the most important. 


GJmm/e in Internal i^tniHure of t^now. 

The change in tlie internal structure of snow-drifts with lapse of time is probably 
the least understood of the modifications to which snow in bulk is subject, ^l-he 
modifications we refer to here take place amongst the individual crystals composing 
the mass, and their cause must therefore be referred to the properties of sucli 
crystals. 

It is known tha.t ice crystals belong to the hexagonal system, there being three 
symmetrical axes 60 degrees apart and at right angles to the optic axis. It is 
unfortunate that our knowledge of the physical properties of crystals is in general 
still somewhat meagre, but we do at least know that these properties (such as heat 
conductivity) are different in the directions of the different crystallographic*, axes, and 
it would seem reasonable to refer the changes that do take place inside a mass of snow 
to such differences. 

In the Antarctic (as elsewhere), when a snow-drift or other mass of snow crystals 
persists for a certain time, a change occurs in the size and shape of the individual 
crystals, this change (at least within certain limits) being progressively towards an 
increase in the mean size of the crystal. Broadly speaking, this modification probably 
takes place by the elimination of those crystals which, are of least size, and by the addition 
of their mass to the larger crystals. The growth is much faster at high temperatures 
than low. The explanation of this change is attempted in Chapter IV. 



This dependence of the rate of ch.ange upon the temperature is supported by 
laboratory experiments,* and from laboratory experiments we also know, at least for 
temperatures slightly below freezing-point, that the rate of change increases with the 
pressure applied.^ These two facts have given rise to the theory that the growth of 
certain crystals at the expense of others takes place only when the snow or ice is close 
to the melting temperature, since the rate of growth at the melting temperature 
(either at atmospheric pressure or under hydraulic pressure) is undoubtedly quite 
fast. The supposed mechanism seems to be a progressive melting under pressure 
where the points of the crystals touch one another, and a flow of the fluid thus pro- 
duced to other places where the pressure is less. This might afford a reasonable 
explanation of the cause of the growth of the larger crystals at the expense of the 
smaller in a mass of snow composed of individual crystals at temperatures near the 
triple point, for the local pressure per unit area must be greater for the smaller 
crystals, and therefore *a greater amount of melting should take place at their surface. 
It does not, however, afford any explanation of the fact that crystals do slowly grow in 
size, even at temperatures well below zero Fahrenheit, where the pressm'e due to the 
superincumbent foot or so of snow is utterly insufficient to cause any significant local 
increase of pressure. 

It is to change under these conditions that a great portion of the modifLcations which 
Antarctic snow undergoes must be attributed, and the explanation of the observed 
facts cannot therefore be sought in the formation of water. It seems to us that the 
only reasonable explanation is to be found in a property analogous to the known high 
vapour pressure of ice, and the very reasonable assumption that this property differs 
in the directions of the different crystallographic axes. 

Growth of one crystal at the expense of another may take place if there is a difference 
between the mean vapour pressure over the boundary of the two crystals, and will be 
in such direction that the crystals of least mean vapour pressure will grow at the expense 
of the others. The manner in which this change takes place would be exactly analogous 
to the process when two vessels are in free air connection with one another and contain 
water at different temperatures, the transference of water vapour being from that vessel 
with greatest vapour pressure to that with the least. In this case the movement of 
vapour will be from the hot water to the cold ; in the case of the snow-drift, the larger 
crystals may grow at the expense of the smaller, while the more delicate -feathery forms 
in which the snow fell originally change into more massive granular or prismatic 
forms. 

The factors upon which these structural changes within a mass of snow depend 
should be determined in the first place by the temperature ; all our observations tend to 
prove this fact. The change from fine freshly-faUen snow to the more massive varieties 
occurred in winter as well as in summer, but the change, instead of taking place in the 

* T. C. Chambeilin, ‘ A Contribution to the Theory of Glacial Motion,’ p. 193, Deceixnial Publication, 
UnivOTsity of Chicago, 1902. 

t Hess, ‘ Die Gletscher,’ p. 31 et seq. {See also Appendix to this Report.) 
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course of a few days, required weeks for its completion. Even during summer, large 
differences in the rate of change, depending on the air teinperatui'e, were noted. Thus, 
on the Ferrar Glacier, in the summer of 1910-11 during days with high air temperature, 
the structure in the drifts changed completely in the course of a couple of days. On 
the Barrier, however (in the sununer of 1911-12), when the temporatiu’c was well below 
freezing-point, many days seemed to be required to show the slightest change in the 
original snow forms, except in the formation and growtli of crystals lying on the surface 
and exposed to the radiation from the sun. 

One point which should be mentioned is that after the warmest days of summer, 
in places where the temperature may rise (even away from black rock) to freezing-point, 
the structure of the surface snow is sometunes definitely granular, as is snow in more 
temperate climates. It seems reasonable to suppose, therefore, that the formation of 
small rounded ice gi'ains in drifts is due directly to the agency of water - the process 
of change being by melting rather than by sublimation. 

On the other hand, where the temperature does not rise to tlio melting point, the 
structure of the constituent ice crystals is quite different. During the suimnei', drifts 
have on occasion been seen to be composed of myriads of imperfect crystals which seem 
to be composed of a number of rods bound together into bundles of length about seven 
times the total thickness. These were named by us “ fascicular crystals ” (Plate XXXI). 
The most striking example of this change was observed on Glacier Tongue in January, 
1911, where a drift 8 inches deep was found to be composed wholly of these (uystals, the 
individuals having a length up to 1 inch. At lower temperatures still, as on the sea icc 
during the course of the winter, the form the crystals seem to take is that of fragments 
of hexagonal plates, and “ turret-form ” crystals up to I inch in diameter (Plato LI I). 
This seems also to be the form assumed by the snow on the Barrier at a depth of a foot 
or more after it has persisted for some time. 

Pressure also, as we know from laboratory experiments, has a vciy signilu^ant 
elfect on the rate of growth of crystals, but no very definite evidence of this elTect lias 
been observed in the Antarctic. 

The fimt change from small snow crystals to more massive forms imist, of coui*se, 
be accompanied by a considerable shrinkage in volume owing to the diniinution in 
the number and volume of the air spaces in the mass. The crystals or granules will 
therefore “ pack more tightly under their own weight. When closely packed, the 
erstwhile snow covering is known as weye, and it is distinguished from snow (.nily by 
the size and shape of the grain, so that a rigid statement of the difierentse between 
neve and snow is difficult to formulate. 

The further transformation of the neve itself does, however, involve a definite 
change in condition. In n6ve, ice grains are distinct and separated by air spaces from 
one another. In the further growth from nive to ice (taking place by the same process 
as the change from snow to n6v6), the air spaces no longer form the boundaries 
of the crystals, but are included in them in the form of spherical or ellipsoidal 
bubbles. 
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One of the most remarkable features of this change from snow through n^e to 
ice is the extraordinary effect exerted on the rate of growth when the bottom of the 
mass of snow is already resting directly upon ice. In such cases, as in the formation 
of a snow-drift on the surface of a glacier or of fresh- water ice, the rate of growth of 
the snow crystals is enormously increased, the change taking place progressively 
upwards at the boundary between the two. This change seems to be due to an actual 
growth of the upper surface of the ice at the expense of the snow resting upon it, the 
structure of the ice below being propagated upwards into the original snow 
layers in such a manner that the original boundary between the two is finally 
hardly to be detected. In one case on - the Ferrar Glacier a shallow snow-drift 
was found to be entirely changed into 2 inches of solid ice in the short space of two 
weeks. 

Still more striking examples of the same rapid change from snow to ice, where 
the snow lies directly upon an ice surface, have been observed many times on lake 
surfaces. It is known that some of the lakes, which have afforded opportunities for 
watcliing this process, are completely melted during the coiurse of a normal summer, 
and it is, therefore, more easy to estimate the amount of growth which has taken place 
in a single season. On Clear Lake, Cape Royds,* at least 6 inches had been added in 
this way to the height of certain portions of the surface before Christmas, 1912, and 
it is probable that this addition was made in the single season 1911-12. At Blue 
Lake, Cape Royds, and at Sunk Lake, Cape Barne, where melting does not take place 
for at least several years together, this method of change has, in places, added several 
feet to the original level of the ice. 

Though, in these oases, the change has no doubt been hastened by the higher 
temperature of the ice below, it seems probable that the growth in the example first 
quoted has been due to the close proximity of the snow crystals of the drift to the 
much larger grains in the glacier ice, which as we have seen should grow at their 
expense. 

Another good example of this effect is found on the surface of sea ice covered 
with snow. Even during the winter this change is effective, and in 1911 it was found 
that, by September, an inch of ice had already been added to the surface. This 
increase could be easily recognised from the difference in structure between the granular 
ice thus formed and the original sea ice with its pronounced fibrous structure. In 
this case, the deter m i n ing factors were probably the high temperature of the upper 
surface of the sea ice and the considerable amount of salt caught up between the 
crystals composing it. Further, we would expect the rate of growth to depend largely 
on the thickness of the snow covering, which acts as a heat insulator so that the 
temperature of the surface of the sea ice largely depends on the depth of the snow 
overlying it. On this point, however, no observations were secured. 

One of the best examples we have noted of the dependence of the growth of the 
individual grains upon temperature, is furnished by an observation on the Ferrar 
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Glacier, of the ice in the neighbourhood of a large exposed rock, 4 feet high, 
shown in Fig. 25. Around this rock had been formed a drift, and already by 
February, 1911, this drift, 
with a maximum thickness 
of 3 feet had been com- 
pletely transformed into — 
ice, identical in structure 
and surface marking with 

^ /.£t^£'£. /c/: 

the glacier ice in the gg 

vicinity. Numerous similar 

examples on an even larger scale could be quoted from the Priestley Glacier and 
other glaciers in the Terra Nova Bay area. 

Even in a snow-drift before consolidation into ice, the elfcct of high temperature 
on the size of the individual crystals is quite noticeable. Thus, in the vicinity of a 
large boulder on a glacier surface, drifts have many times been seen, in which the 
separate crystals in the immediate vicinity of the boulder had a mean diameter of 
almost 1 inch, the mean size of the crystals becoming smaller and smaller as the distance 
from the boulder increased. 

One of the factors in accelerating the change from snow to ice is apparently the 
degree of packing of the snow while this change is taking place (Plate XXV). 'Pho most 
striking example of this hails from one of the briny lakes at Capo Adare. Here, on the 
advent of cold weather, the lake froze and was latci’ covered with snow. I’enguins, 
seals, and even men, were constantly traversing the lake, and “ packed ” tlio snow 
surface where they stepped on it. More snow then fell, and for a couple of months the 
lake remained snow covered, so that no signs of the paasage of these various travellers 
were to be seen on the surface. Finally, however, during the course of the great blizzard 
of May 4-14, 1911, all this snow covering was blown from the ice surface, leaving the 
footprints standing out in clear solid ice a full I inch above the general lake level - 
penguin and seal trails, and men’s footsteps perfectly outlined in tlie ice, eacjii after 
its own kind. This example seems to show quite definitely that the change from snow 
to ice is accelerated as the result of such pressure. 
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CHAPTER 11. 


ICE CRYSTALS FORMED FROM VAPOUR. 

“ And "witli quite a small expansion— 

1’8 or 1*9, 

You can get a cloud delightful : 

Which explains both snow and rain.”* 

This little verse, which describes the results of C. T. R. Wilsou’st classical 
experiments on the formation of water drops after expansion of saturated air, will 
be familiar to all who have carried out research at the Cavendish Laboratory. 
Wilson’s experiments showed that in air, under definite conditions, dust particles 
or charged ions formed the nuclei upon which condensation of the vapour took place 
to form water drops. There is no reason to doubt that the same process is effective 
in the formation of ice crystals by the cooling of saturated air to temperatures below 
free 2 dng-point. Thus, if there are ice crystals already present in the air, but no 
dust particles, a decrease in temperature should not cause the formation of new 
crystals, but should simply induce growth of the existing crystals at the expense of 
the water vapour. In point of fact, we have every reason to assume that the number 
of dust particles will be abnormally small over such an ice-covered land, so that, 
in normal circumstances favouring the deposition of ice vapour, growth will usually 
take place upon the ice crystals already present in the atmosphere. This assumption 
may have some bearing on the observed circumstance that all crystals of one type 
falling at any particular time appear to be of about the same size. It may also help 
to explain the phenomenon (referred to elsewhere) of the formation of ice crystals on 
the windward surface of ski, ski sticks, ropes, etc., from an atmosphere which appears 
to be supersaturated, and to contain water drops at temperatures well below freezing- 
point.} 

It is known that the equilibrium vapour pressure of a small spherical water drop 
is greater than the vapour pressure of a plane water surface, the difference being 
greater the smaller the drop, in the absence of any other source of energy (electrical, 
for example). An electrically charged drop can^ however, remain in equilibrium with 
a plane surface. 

Considering first the simple case of a water surface in equilibrium (under given 
conditions) with its vapour pressure, we recognise that equilibrium demands that the 

* Post-prandial Proceedings of the Cavendish Society. 

t C. T. R. Wilson, ‘ Phil. Trans. Roy. Soc.,’ A, 192 and 193, 1899. 

% It is possible, however, that these “ drops ” are not water, but ice in the non-crystalline “ vitreous ” 
form of high potential energy. See also footnote to p. 26. 
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number of molecules entering the water surface must equal the number leaving the 
surface. If we assume with Todd* that all molecules of vapour which meet the water 
surface penetrate it, while only those possessing a kinetic energy exceedmg a certain 
amount are able to pass from the liquid to the vapour, we obtain the equation given 
by Todd 

f = (l + gg) 

where f = vapour pressure, 

6 = absolute temperature, 

R — the gas constant, 

0 = mV®, where V is the velocity of those molecules which are just able to 
leave the water surfaee, 
s = density of the liquid, 
and A is a constant. 

In this formula 0 represents the kinetic energy of a molecule which is just able 
to escape from the liquid. 

(Though the variation of vapour pressure with temperature is fairly closely 
represented by this formula, it seems more reasonable to suppose that, in reality, only 
those molecules can escape from the liquid to the vapour which possess a velocity 
component outwards and at right angles to the surface exceeding a certain limiting 
velocity.) 

The energy change of a molecule on passing the interface liq\iid-vapour Jiumt 
depend upon the curvature of the surface, the total energy of the mass of liqukl 
being made up of two parts — one proportional to the volume, and the other 
proportional to the superficial area. 

It is necessary to consider an essential difference between crystals and liquids 
which is of importance in this connection. In liquids the molecules are free to move 
and are oriented in all directions ; in crystals, the molecules are not free to leave theur 
stations and are all similarly oriented. There is thus the possibility that for crystals 
in equilibrium with their vapour, all the molecules of vapour striking the crystal may 
not be able to enter the crystal, hut only those which are suitably oriented with 
reference to the molecules within the crystal.f 

In the absence of detailed information regarding the structure of the ice crystal, 
it does not seem possible to investigate the question from the theoretical stand- 
* Ct. W. Todd and S. P. Owen, ‘ Phil. Mag.,’ vol. 38, November, 1910. 

t VolrTusr and Esterniann (‘ Zeitschrift far Physik,’ October, 1021) and Voliuer (‘ Zeit. fiir Phys.,’ 
Marcli, 1 922) disenss this point. The vapour pressures of the differimt faces of mercury crystals are not 
sufficiently difierent to account for the large differences in the rate of growth. Volmer suggests that 
adsorption takes iilacc of the gaseous molecules on the crystal, and that these molecules possess a certain 
mobility ; also that the molecules falling on the faces presenting a large surface move on that surface to 
build up the edges of a plate-liko crystal such as mercury. Photographs by Bentley, however (‘ Month. 
Weath. Eev.,’ November, 1907), of platolike crystals formed in water seem to show that the growth is 
particularly restricted in those portions of the plates which lie close to an adjacent one, as if there was a 
poverty of molecules capable of being deposited in the water lying between two adjacent crystals. 

u a 
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point. In practice we know that the form of the ice crystals varies with the 
physical conditions under which the crystal has grown. Indeed, in the Antarctic, 
the ice crystals formed within crevasses are, so far as we are aware, always of the 
same type. Other types are characteristic of other physical conditions under which 
the crystals have formed, a change in the conditions causing a change in the t3^e. 
It seems probable that these changes in type are to be referred to differences in the 
energy change associated with deposition of a molecule on the different faces of the 
crystal, and its variations with the different physical conditions during growth. 

There is no reason, however, to doubt that the same general principles apply in 
the case of solid-vapour equilibrium as in the case of liquid-vapour equilibrium, the 
vapour pressure being less over the solid than over the super-cooled liquid at the same 
temperature. Just as in the case of water drops, the vapour pressure over a perfect 
ice crystal in equilibrium with its surroundings should be greater the smaller the 
crystal. Thus, of two such perfect crystals the larger should grow at the expense of 
the smaller, unless there is some additional source of energy (such as electrical energy) 
to differentiate' the crystals from one another. By a perfect crystal in equilibrium 
we mean a crystal under such conditions that as many molecules enter as leave the 
crystal, and also as many molecules enter as leave each face of the crystal. In these 
conditions the vapour pressure over each face of the crystal must be exactly the same, 
otherwise growth would take place on one face at the expense of another. 

Slight as is our knowledge of the physical properties of crystals, we do know that, 
generally speaking, the physical properties will be different in the directions of the 
different axes. Ice belongs to the hexagonal system, and it seems probable that the 
physical properties along the principal axis will have values differing from those along 
the three subsidiary axes. The ice crystal has lately been subjected to X-ray analysis,* 
so the spacing and arrangement of the atoms is now known. 

We know by observation that small ice crystals growing upon a large ice crystal 
are so oriented that the optic axes lie parallel to one another in each ; we do not know 
whether the forces in the crystal will be sufficiently powerful to change the orientation 
of the approaching vapour molecule, or whether only those vapour molecules which 
have orientations lying within certain limits are able to be retained by the crystal. 
We can, however, feel certain that the vapour pressure over a small crystal is greater 
than the vapour pressure over a larger crystal of the same type under the same 
conditions. 

Under conditions which are favourable to the growth of a crystal at the expense 
of the vapour surrounding it, there will be an excess of vapour molecules entering the 
crystal over those leaving it, the rate of transfer of energy being proportional to the 
growth. This inward movement of vapour molecules near the crystal will establish 
a concentration gradient tending to direct molecules towards the crystal faces, and 
there is the probability that this concentration gradient will be different for the 
different faces of the crystal. 

* Dennison, ‘ Phys. Rev.,’ vol. 17, 1, January, 1921. 
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Further growth of the crystal will be maintained by this gradient, and, in an 
enclosed space under identical conditions of temperature, this growth will be largely 
conditioned by the coefficient of diffusion of the vapour in air.* Under unit 
concentration gradient, therefore, the mass of vapour passing per unit area towards 
the crystal will be greater the lower the total pressure and the higher the temperature. 
The actual concentration gradient, on the other hand, is dependent on the efficacy of 
the conditions promoting growth of the crystal. 

Consider the simple case of a crystal suddenly cooled and kept by some moans 
at a temperature below the temperature 0^ of the vapour and gas surrounding it. 
If no other condensation nuclei are present in the gas, the whole energy transfer will 
be to this crystal, whose vapour pressure is pi at the temperature Hi. The vapour 
pressure corresponding to the temperature da is pa, and this depends somewhat upon 
the atmospheric pressure (P + ^a). The whole difference of vapour pressure 
between the crystal and the vapour will be pz Pd and the rate of growth 
of the crystal will be dependent chiefly upon the magnitude of this difference 
and upon the absolute temperature and total pressure. If means are not provided 
for maintaining the crystal at the temperature Hi, the entrance of molecmles 
into the crystal and the consequent transfer of energy will raise the temperature 
of the crystal and reduce the concentration gradient, the growth of the 
crystal becoming slower and slower until it finally ceases when da • - dj became 
zero. 

It should be emphasized that the rate of growth of a crystal will be much, greater 
in a current directed towards the crystal (other things being equal), the rate of growth 
in this case not being limited to the same extent by the coeflicietit of diffusion of water 
vapour in air. 

As has already been stated, it is known that ice crystals assume difterent forms 
depending upon the circumstances in which they have formed, but it is no (uisy matter 
to decide the conditions which cause these differences. Observation certainly shows 
that, in all cases where the crystal has grown quickly, there is a tendency towanls thfit 
formation of crystal types with a large ratio of surface to volume, and this stjggests 
that there has been a very large mean transfer of energy during the formation of these 
types. We may possibly regard the matter this way : The mean <?norgy of thci 
Tnolecule in or on the surface of the crystal is less the lower the absolute temperature ; 
the mean energy of the vapour molecule is greater the higher the absolute temperature ; 
the greater the temperature difference between tlie two, the (juickm* is tlie grf)wtli of 
the crystal, and the greater is the mean transfer of energy per molecule deposited on 
the crystiil. Wlien the conditions favour quick growth, the energy transfer must be 
large, and this transfer is larger the greater the increase of crystal surface <?orresponding 
to the deposition of a given number of molecules. Quick growth will, therefore, 
favour the formation of types with large surfaces relative to the total number of 

* The coefficient of diffusion of one gas in anotiier is inversely proportional to the total pressure of 
the two gases and roughly proportional to the square of tke absolute temperature. 



molecules in the crystal, and the types so formed will be crystals of large energy content 
and high vapour pressure. 

An alternative method of viewing the question is as follows : The conditions 
promoting quick growth are those which demand a large difference between the vapour 
pressure near the crystal and the vapour pressure at some distance from the crystal, 
i.e., large concentration gradients. The quickly-growing crystal tends to assume such a 
form as will most nearly annul this concentration gradient {i.e., a form of high vapour 
pressure) which will be a form in which the ratio — surface to volume — is large. The 
tendency in all conditions of growth will be for the crystal to grow in such shape that its 
vapour pressure will become equal to the pressure of the vapour in the air near the 
crystal surface. If, now, the mean vapour pressure over a crystal depends not only 
on the ratio-surface to volume, but also on the ratio of the areas of different crystal, 
faces, an explanation is to hand for the great diversity of form assumed by ice 
crystals under different physical conditions. 

It appears that some such explanation is necessary, in order to account for the 
fact that ice crystals are so sharply differentiated into plate forms and prism or needle 
forms ; why, in fact, thick plates and short prisms are seldom observed in nature. 
It is, therefore, suggested that the mean energy transfer per molecule during 
the growth of a crystal depends upon the crystal face upon which the molecules are 
deposited. For quick growth there is a tendency to the formation of the plate type 
of crystal, and for slow growth to the prism type, which may be looked on as the 
“ normal ” type of crystal. It is true that the “ normal ” t 3 rpe appears to be a prism 
whose length is not less than six times its thickness, and this will have a greater surface 
than a shorter and broader prism of the same mass. If it is, howevei', correct that the 
energy transfer varies according to the face upon which the molecule is deposited, this 
differentiation may possibly be accounted for. 


(1) Peevious Observations. 

Many investigators have, from early times, made a study of the forms assumed 
by snow crystals, but little attention was apparently paid until comparatively recent 
times to the form assumed by ice crystals deposited on objects lying on the earth’s surface, 
or formed in water during the early stages of freezing. 

An excellent bibliography of the earlier observations of snow crystals is 
given in Hellmann’s ‘ Schneekrystalle.’* These observers include Magnus (155.5), 
Descartes (1637), Hooke (1165), F. Martens (1671), William Scoresby (1820), and 
James Glaisher (1885). 

Scoresby classified the various modifications of snow crystals into five main t 5 pes, 
and stated his belief that the form of the snow crystals must depend in some manner 
on the air temperature. Glaisher, f on the contrary, considered that such a relation 

* G. Hdlmann, ‘ Schneekrystalle,’ Berlin, 1893. 

t Glaisher, * Report of the Council of the British Meteorological Society ’ (1886). 
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between crystal fonn and air temperature was doubtful. Hellmann’s observations on 
snow crystals were assisted by microphotography, and he was able to state that 
only a small proportion of snow crystals are really symmetrical in form. Hell- 
mann pointed out that, not only prism-shaped crystals, but also hexagonal plates, 
contained cavities. Cl. Nordenskjold, about the same time, showed that certain snow 
crystals in the form of ice prisms contained both air and water. 

The results of Hellmann’s observations on tlie relation between the size and the form 
of snow crystals were as follows ; — 
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Radiating Stars. 

Radiating Stars 
with plato ends. 

J*lat<‘s. 

Number of observations 

22 

10 

22 

Mean diameter 

2 '35 mm. 

1*67 mm. 

1 '32 mm. 


These figures agreed very well with those calculated from Scoresby’s diagraiUH. 
Hellmami points out, in this connection, that (other things being equal) roughly the 
same amount of water vapour is used for both solid and star-sha.ped crystal forms, so 
that the plate forms should be smaller than the stars. 

Hellmann also notes that, in one and the. same snowfall, the ratio of length to thi«^k- 
ness in prisms is usually constant, and that this ratio is very rarely less than one, hut 
is more commonly five, or even a much larger number. 

For the relation between the diameter of snowflakes and tlie air temjM^rature, 
Hellmann states that the mean diamete.r at - KF C. is only one-third that 
at - 2° 0. 

Measurements of microphotographs gave the following results - 


'rernperature. 
-- 0 ” 0 . . . 

- 8° C. . . 

- 12" C, 


Mean diameter. 
3*4 mm. 
i2-2 „ 

1*2 „ 


These results confirm the earlier statements of Bcoresby, Ifritscli and Holirer. 

(This result is easily understood, when one considers that the water- vapour content 
of air decreases with decreasing temperature, and probably explains the oc<nirrcnee of 
“ diamond dust ” in polar regions at very low temperatures. The crystals composing 
this dust cannot be seen by the naked eye, except by reflected light from the 
sun.) 


In addition, Hallma-nn gives the following Table showing the relation between 
temperature and the form of snow crystals : — 


Temperature. 

Relative Number of Observatioiis of— 

Radiating Stars. 

Radiating Stars 
with plate ends. 

Plates. 

! 

Per cent. 

Per cent. 

Per cent. 

-6 to - 7*6® C 

62 

22 

26 

- 9 to 12 -5° 0 

24 

19 
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On the basis of his observations, Hellmann proposed a classification of snow crystals 


in the following types : — 

I. Plate Form (0/S usually less than 0*1, where 0 and S are the amounts of growth 

along the optic and secondary axes, respectively) : — 

(1) Stars (usually at temperatures only a few degrees below freezing-point). 

(2) Plates (usually at low temperatures ; crystals smaller than those in I (1)). 

(3) Combinations of the two. 

II. Pillar Form (0/S usually greater than 1 and less than 5) : — 

(1) Prisms. 

(2) Pyramids. 

(3) Combinations of I and II. 

(In foggy weather, hail-like forms were also differentiated.) 

Hellmann also suggests that the reason crystals in polar regions are not so large as 
in lower latitudes is, that they are formed closer to the ground, have not far to fall, and 
therefore have little opportunity to grow to a great size. 

The careful observations of A. Dobrowolski* threw much additional light on 
questions concerning the internal structure of snow and frost crystals, besides con- 
firming, in a general way, Hellmann’s relation between the form and the diameter of 
snowflakes. His observations are summarised as follows ; — 


Stars without central plate : — 

Appendices long 

Diameter 3*8 

mm. 

„ medium . . 

?? 

2*0 

55 

„ short . . . . - . . 


1*7 

55 

(Mean) 


(3*1 

55 

Intermediate forms 

5J 

1*9 

55 

Stars with large central plate and simple 

plate forms . . ' 


1-4 

55 


* ‘ La Neige et le Givre.’ (Voyage du S.Y. “ Belgioa.”) 
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For snow of lamellar fomi only, it appears clear that the flakes of smaller diameter 
occur at the lower temperatures. The Tables, however, showing the relation between 
temperature and crystal form give no very definite results. There is, however, some indi- 

. " No. of observations of lamellar forms 
cation from his figures that the ratio observations of prism and acicular forms 

increases as the temperature decreases. 

It would also appear that, in the lamellar types, the ratio — number of observations 
of plates and stars with large plate centres to number of observations of other lamellar 
types— is greatest at the higher temperatures (3/2, approximately, between -f 1° 0, 
and — 5° C., decreasing to 6/6 between — 6° and — 6° 0., and to 1/3 between — 10® 
and — 15° 0. Below — 15° C, there were few observations, but the ratio rose again 
to 1/1). 

It would appear from this that, in crystals of the lamellar type, the solid forms 
are more likely to occiur at high surface temperatures, the solid prism forms also 
predominating at high temperatures over the lamellar forms, though it is clear from the 
observations that s^irface temperature has little to do witli the form assumed by the 
crystal. 

A deduction of some importance which has been made from Dobrowolski’s observa- 
tions is that transition forms between the “ bayonet ” type (prismatic and acicular) 
and the lamellar type were very rare. In other words, few crystals were observed in 
which the growth along all axes was nearly equal ; either the growth was chiefly along 
the optic axis, or chiefly along the secondary axes. 

Dobrowolski points out that all types of ice crystal contain air caviti<*.s, and that 
there is a local thickening, in the case of the lamellar type, along the secoiularies and 
their appendices, as well as concentric thickening in tlie case of S()Iid plates, whicdi 
probably marks the crystal outline at some stage when its growtii was slower. An 
excellent series of diagrams is given by Dobrowolski, showing liow the form of the air 
cavities in lamellar types is conditioned by the rate of growth of the axes and their 
auxiliary rays. From these observations, it seems possible that a complete knowledge 
of the stnictui*o of such crystals would enable their life-history to be deducted, if all the 
various factors upon which the growth of a crystal depends were <(OT!iplcteIy known. 
As, however, we can have no complete knowledge of the physical conditions under 
which any snowflake grows during the whole stage of its career, it seems clear that a 
(.‘ompleto knowledge of the factors governing the growth of a ciystal can only be 
obtained by experimental means in the laboratory. 

A number of interesting observations were also made by Dobrowolski on the deposi- 
tion of hoar-frost (</wc) upon snowflakes. The chief points of interest establishetl 
by him were as follows : — 

(1) The thickness of deposit varied with the type of snow crystals falling, when 

different t 3 p>es fell at the same time. 

(2) Amorphous forms of frost crystals were most common in foggy weather and 

at the higher temperatures. 
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(3) Frost crystals were often unequally distributed, i.e. sometimes tbe plate ends 

of tbe arms of a star-sbaped crystal were alone covered. 

(4) In tbe case of a granular deposit upon a snowflake, there are several stages 

apparent in tbe growth of tbe crystal : — 

(i) With slight deposit — an unequal distribution of frost crystals (see (3)). 

(ii) With greater deposit — a thick equal granular deposit of chalky appearance. 

(iii) With still greater deposit — a thick heavy plate of vaguely polygonal 

form, 

(iv) In the final stage — a tendency to form in the shape of a pyramid. Thus, 

the additional deposit took the form of additional layers of less and less 
area. 

In addition to the granular deposit of frost crystals, frost crystals also formed on 
snowflakes in arborescent and feathery plumes. In both these cases there was often 
an inclination of the plumes either towards or away from the centre, with a tendency 
to assume a pyramidal shape, as in the case of granular frost forms. 

No definite relation was traced between the form of the frost crystals and the 
temperature, except that mentioned in (2) above, which suggests that the granular ty])c 
is due to the presence of water drops.* 

W. A. Bentley has also made a close study of the forms of snow crystals, and 
has attacked the problem from the meteorological point of view. His results are 
exceedingly interesting, and are accompanied by many very beautiful pliotographs 
of snow crystals, frost crystals, window crystals, and crystals formed in water, which 
throw considerable light on the method of formation of ice crystals. 

As regards snow crystals, Bentley states that the temperature aiul humidity at 
the earth’s surface have little efiect on the form assumed by the crystal, the manner 
of whose growth he suggests may be due to the state of electrification of tlie atmosphere. 

His general results may be stated as follows : — 

(1) There is a difference between the form of snow crystals formed in general and 

in local stonns. 

(2) The greater number of, and most perfect, tabular forms predominate in the 

western and north-western portions of great storms. 

(3) There seems to be a general law of distribution of the different forms in other 

portions of such storms. 

(4) This distribution is nearly constant in all storms. 

(5) Local storms and low detached clouds usually give frail tabular forms, or the 

granular type of crystals ; columnar and solid tabular forms are common 

only to general storms. 

* See footnote to p. 25. 

f W. A. Bentley, ‘ Monthly Weather Review,’ May, 1901 ; August, September, October and November, 
1907. 


58 



(6) Each cloud stratum, during mild weather (if no other clouds are present), 
commonly precipitates its own type of snow crystal, as follows : — 

(i) Low detached nimbus deposits large frail branching tabular forms. 

(ii) Intermediate clouds deposit smaller branching tabular forms with 
solid hexagonal centres. 

(iii) High cirro-stratus clouds, small compact columnar and tabular forms. 

Bentley’s observations on frost crystals are equally interesting, and are summarised 
below : — 

(1) The great majority of crystals formed over wide areas are of one type. 

(2) I’he columnar type is more common if dew forms first. This is essentially a 

mild-weather type. 

(.3) Tabular forms are most common in the winter, and are thought to form on 
dry objects. 

(4) On the ground, or ice, tlie optic axis is usually horizontal, whatever the type of 

crystal. 

(5) When not hampered, the solid crystals are those which grow shwly. 

(0) Open tabular forms are most common with a rapid fall to a low temperature, or 
near water. 

(7) Hollow funnel-shaped (frystals form at moderate temperatures. 


The chief result.s (though sometimes contradictory) obtained by the work of these 
(tbservors may be summarised as follows - 

(1 ) »Solid forms ar(i duo to slow growth ; frail forms to rapid growth of a crystal. 

(2) (Iranular ff)rms of hoar-frost are probably due to water drops. 

(;i) 'riici size of the tabular forms decreases with temperature, and is less for the 
solid ta}:>ulo.r type than for the frail type. 

(4) 'I’ransitional forms between tlie columnar and the tabular types are rare. 

(.5) 'iPhere is no clear relation between surface air temperature and the type of 
('lystal. 

(2) ( )nsKuvATioNS OP Snow Fokms in the Antarctic. 

No elaborate preparations were made for a detailed study of ice and frost crystals 
on this Expedition, thougli a microscope with a small light-tight camera box was taken 
for photographic work at Cape Evans. The form in which snow was deposited was, 
however, noted by many of the observers on the various sledging journeys and 
generally, throughout our stay in the Antarctic, at all stations. During the winters, 
also, a few microphotographs were taken of frost crystals deposited on various objects 
aud growing in ice caves, crevasses, etc. 
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Naturally, by far the largest number of observations were made during the summer 
(and daylight) months, which were also the months when observations were available 
from more than one locality. 

The chief observations were made in the following localities : — 

(i) By the observers at Cape Evans (chiefly summer). 

(ii) By sledging parties on the Barrier, in the Western Mountains, and on the 

Polar Plateau (summer). 

(iii) By the Ship’s Party, near the pack and in open water (summer). 

(iv) By the Cape Adare Party (March to December). 

By far the greatest diversity of form was noted by the Cape Adare Party and the 
ship observers, both of these situations being essentially “ open-water ” stations. In 
summer, frail lamellar types were very abundant in the pack, the crystals sometimes 
attaining .considerable size with the high vapour pressures prevailing. No general 
relation between crystal form and temperature could be discovered from the observa- 
tions on the ship, though it was clear that crystals of all types grew to a greater size 
with high surface air temperatures. This observation was, indeed, substantiated by 
the results obtained at all the stations, as well as by the sledging parties, while, equally, 
no clear relation between temperature and crystal form could at any time be found, 
with one exception. Snowflakes of frail tabular form were rarely observed, except 
with comparatively high air temperatures (above 10® F.). 

The observations made at Cape Evans and during the sledging journeys were almost 
entirely confined to the summer months. In these warmer months, star-shaped flakes 
were most common, and reached their greatest size during high surface temperatures. 
At temperatures still closer to melting-point, the flakes tended to “ pack ” or aggregate 
and fall as clusters of imperfect crystals. 

Even on the Barrier, the frail lamellar type was very common, and was character- 
istic of high temperatures, solid plate and prism forms being generally observed at lower 
temperatures. No single type was, however, restricted to a definite temperature 
range. Not uncommonly, crystals of prismatic form were seen with plates attached 
at one or both ends, the ratio of length to breadth of prism being generally about 6 to 1 . 
Prism forms in which the prisms radiated from a common centre were occasionally seen, 
but they were more usually separated from one another. 

On one occasion, narrow-armed stars were observed to fall, many of which bore, 
on only one side, a number of auxiliary arms fixed almost at right angles to the plane 
containing the six chief rays. 

Very commonly the weather during which the narrow-armed stars were formed 
lasted for several days, snow falling in no great amount, but almost continuously, during 
the period. Stars of this type were observed even as far south as the Beardmore Glacier. 
It is reasonable to infer from the fact that the crystals grow continuously in this form 
that conditions demanding quick growth existed from the height where their formation 
was initiated right down to the ground. Similarly, the more rarely observed star forms 
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with solid piate centres and “ hairy ” arms suggests slow growth in the initial stages, 
followed by quicker growth as the crystal neared the ground, while the superposition 
of plate ends on the narrow-armed form suggests that the environment of the crystals 
close to the ground favoured a slower growth than the conditions which existed some 
distance above the earth’s surface. It is unfortunate that observations were not 
sufficiently numerous to state whether a fall of snow as narrow-armed flakes was preceded 
by a fall of other types, as might possibly be expected. 

On the Barrier, solid plates and prisms* were seldom observed to fall, and even 
the “ fluff-ball ” type (Plate XXVI), which was so common at Cape Evans during the 
winter, was rarely seen during the summer months. 

On the western sledge journey in February and March, 1911, the narrow-armed type 
was not uncommon, but the occurrence of fluff-ball ” snow was relatively more frequent 
than on the Barrier during November, December and January in the succeeding 
summer. 

On the Polar Plateau, snow crystals in small amount and of very small size were 
exceedingly common during January, 1912. From notes in the meteorological log 
of the Polar Party, it would appear that thin clouds were continually forming and being 
dissipated on or near the surface of the Plateau during this month. These crystals were 
very small, corresponding to the low temperatures here encountered (mean — 18-7° F.), 
and were either in the form of needle-shaped crystals or solid plates. 

A point of some interest in this connection relates to the conditions accompanying 
the appearance of haloes round the sun, due to the presence of ice crystals in the air 
in sufficient amount to render the halo visible, without obscuring the sun’s rays com- 
pletely. An analysis of the number of occasions on which haloes were noted in the 
meteorological log during the sledging journeys towards and from the Pole, gives little 
definite information. On the outward journey haloes were frequently observed on the 
Barrier, but practically none on the journey up or down the Beardmore Glacier. Many 
haloes were noted on the Plateau, both on the inward and outward journeys, but chiefly 
on the far side of the ‘‘ snow divide, ’’f where the wind was blowing uphill. Few 
observations of haloes were recorded on the return Barrier journey of the Polar Party 
itself, but it is probable that the absence of observations was due rather to the physical 
exhaustion of the party than to infrequency of the phenomena. 

The absence of observations on the Beardmore Glacier is probably real, and argues 
that conditions on such a glacier may be unfavourable to the formation of crystals 
capable of causing haloes. On the whole, it seems most probable that haloes are 
frequently formed over the Barrier whenever the temperature is sufficiently low {i,e. 
between February and November), and on the top of the Plateau at aU times of the 
year ; while on glaciers leading down from the Plateau the slope is so great that 
adiabatic warming of the descending air usually prevents the formation of the crystals 
to which haloes owe their origin. 

* Some of the crystals which were of microscopic size may, however, have been of these types. 

t The line marking the highest points of the snow surface. 



During the winter months, the most commonly observed type at Cape Evans was 
that known to us as “ fluff -balls,” shown in Plate XXVI, and certainly the greatest 
amount of snow precipitated during the winter at Cape Evans was of this type. 
Practically all the snow which formed before and during blizzards was of this type, 
each flake ” probably consisting of an aggregation of multitudes of aoicular crystals, 
Undoubtedly this form was a quickly-growing type, as may be seen on consideration 
of the circumstances attending its formation. 

In the winter months, other forms were obsetved at Cape Evans, these forms never 
growing, however, to the dimensions of the “ fluff-balls.” Examples of these may be 
seen in Plate XXVII, showing minute plates and prisms which fell upon a glass micro- 
scope slide during a spell of cold calm weather when the temperature of the air was 
falling. On the contrary, the temperature was generally rising during the formation of 
the “ fluff-ball ” type. 

It was noticeable that no lamellar types other than solid plates were observed to 
fall in the winter months at Cape Evans, the “ fluff-ball ” type being apparently the form 
assumed in the winter by quickly-forming snow crystals, while the minute plates and 
prisms were those which accompanied the formation of the inverted temperature gradient 
near the ground. 

At low temperatures, and especially upon the Polar Plateau, small crystals could 
often be seen slowly falling, showing up as minute specks of light reflecting the sun’s 
rays. These crystals were usually invisible to the naked eye, except by reflected light 
from the sun, though often associated with the simultaneous appearance of haloes. 
The form of these minute “ diamond dust ” crystals could not, therefore, be observed, 
but Dobrowolski states that similar snowfalls were observed by him, and that the crystals 
{‘poudrin) were in the form of solid plates of microscopic size. He suggests that the 
reason for their small size is the fact that the crystals were probably formed close to the 
earth’s surface, and had not had time to grow to a greater size. 

Numerous observations were made by the Ship’s Partly on the various journeys 
in the Ross Sea during the summer and early autumn months. The form of the crystals 
observed appeared to embrace almost all the combinations which have been figured 
by previous observers, but the lamellar type (particularly the frail narrow-armed plates) 
were far the most numerous. The individual crystals were also of greater size than was 
common at the various shore stations (except Cape Adare), and, at the higher tempera- 
tures, the individual crystals tended to join and form even larger aggregates. 

One type which seems to have been commonly observed by Dobrowolski grew in 
the form of a solid pyramid. Only one observation (on board ship) is recorded by us 
of this type of crystal — a solid truncated pyramid of hexagonal section, which still 
resembled a lamellar form, but which was definitely granular in character. 

By far the most complete observations on snow-crystal forms are those which were 
made in 1911 at Cape Adare, where conditions were in some measure more favourable 
to such observations. The series of observations is not, however, for the complete 
year, and a somewhat different classification into types was used. Thus, the term 
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spicular ” was used to describe the long needle-shaped crystals and also crystals of 
size too small to determine the shape. - 

It is clear that, at Cape Adare, the conditions promoting the formation of snow 
crystals were somewhat different from those which obtained at other stations. In 
the first instance, snow fell very frequently in a “ granular ”* spherical form, throughout 
the whole period of observation (March to December, 1911). The ratio, number of 
observations of this type to number of observations of other types, varied, as shown in 
the Table below (column 2) : — 



Batio of number 
of Granular to 
other types. 

Batio of number 
of Granular to 
Spicular types. 

Mean 

Temperatme. 

Mean 

Wind Velocity 
(miles per hour). 

1911— 



“F. 


March 

0-2 

3-0 

+18-7 

10*3 

April 

0-8 

1-8 

“f* 9*4 

8*4 

May 

1-8 

2-1 

- 2*2 

9*9 

June 

0-7 

0*7 

-14 *6 

6*0 

July 

0-2 

0-2 

-11*9 

6*3 

August 

0*5 

()-6 

-13*6 

6*8 

{September ....... 

0-4 

0-4' 

- 7*5 

10*1 

October 

0*8 

0-8 

— 0*6 

6*6 

November 

0*8 

1-4 

+18*5 

6-4 

December 

0-5 

i 

1-0 

+29*5 

8-3 


It is certain that in some cases this form of snowfall is due to subsequent 
deposition upon other types of crystal, and that this deposition often takes 
the form of minute drops of water such as those which are undoubtedly associated 
with the formation of “ frost smoke ” over open sea, or open leads in the ice. In other 
cases, however, the description given is “ granular aggregates of needles,” or “ granular 
balls with spikes,” showing that this class sometimes included types corresponding 
fairly closely with the “ fluff -ball ” type, so commonly observed at Cape Evans during 
the winter and shown in Plate XXVI. Quite commonly, “ granular ” snow fell at the 
same time as “ spicular.” As mentioned before, ” spicular ” snow included all types 
which were too small to be observed, and must therefore have comprised both aoicular 
forms and very small plate forms, if both existed. 

As regards the frequency of occurrence of different types, snowfall in the form of 
aggregated plate forms was observed at Cape Adare only in the warmer months — 
March, April, November and December — ^with a single observation in May during 
an unusually warm period. Solid and star-shaped plate forms were most commonly 
observed in the same months, but were also noted on two occasions in July and on 
two in September. Except in the latter two months, the temperature was always 

* The term “ granular ” is used in the same sense as did Dobrowolski, the crystals having an 
amorphous granular appearance, which is probably due to their formation in an atmosphere containing 
supercooled water drops. See footnote to p. 25. 
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above + 10® F. when crystals of tbis type were faUing. The observations in July 

September were both associated with a considerable and sudden rise in air 
temperature. 

The ratio of the number of observations of granular ” forms to the number of 
observations of “ spicular forms is also given in the preceding table in column 3. 
It will be seen that this ratio is lowest in the late winter months, June to October, and 
highest in the spring, March to May. Generally speaking, therefore, “ spicular ’ snow 
is relatively more common in the coldest months. From the uncorrected mean 
temperatures of those days on which the two types were observed, it is found that 
the mean air temperature of the days when these two types were formed differed very 
slightly in any one month. The differences, though small, seem significant, for, in 
each month between March and June, inclusive, the mean temperature so derived for 
“ spicular ” snow was slightly lower than the mean temperature during formation of 
“ granular” snow, while the reverse was true of each month from July to December, 
inclusive. 

The deduction is that, with decreasing temperature, “ granular ” snow falls at a 
higher temperature than the “ spicular ” type, and with rising temperature is formed 
at a lower temperature. Thus, whatever the temperature may be and whether it is 
rising or falling, on the average, snow is formed in the granular type before it forms 
in the spicular type. 

A study of the detailed observations suggests that this is not the whole story, and 
there is some evidence that the commencement of a snowstorm at Cape Adare is heralded 
by the formation of “ spicular ” snow which later changes to snow of the “ granular ” 
type ; under appropriate conditions, this type may then give way to the plate-like 
forms which, at the height of the storm, do not possess solid, centres and have very 
fragile arms ; when the storm has passed its zenith, this form gives way to the “ granular ” 
type and finally to the “ spicular ” type. Naturally, the whole sequence is seldom 
complete ; in winter, for instance, the plate type is seldom formed. 

It is not proposed to give the observations in detail, but it seems desirable to 
include the remarks summarising the observations of each month. These are given 
below : — 

Mmch) 1911. — Snow falling on 59 occasions out of 236 observations in all. 

There was a tendency towards the end of the month for all types of snow to 
become smaller in size, while “spicular” snow (needle-shaped crystals) became more 
common. 

April, 1911. — Snow falling on 77 occasions out of 222 observations in all. 

Predominance of “ granular ” snow and commencement of “ spicular ” snow in 
large amounts. 

Decrease in size of crystals and grains. Comparative frequency of stars with 
granular centres. Separation of snow from the lower layers of the atmosphere as a 
frozen “ fog,” composed of minute particles. 
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May, 1911. — Snow falling on 69 occasions out of 292 observations in all. 

May was marked by a distinct decrease in the amount of snowfall (without a 
decrease in overcast weather) ; by a complete absence of definite crystal forms ; by 
the extreme smallness of grain ; and by the occurrence of the clots or flecks of 
snow which mark precipitation during strong wind (flufl-balls) and which are quite 
distinguishable from drift. 

June, 1911. — Snow falling on 31 occasions out of 365 observations in aU. 

June was marked by a very small snowfall, all of the granular or spicular type. 

Jvlyt 1911. — Snow falling on 88 occasions out of 369 observations in all. 

By far the greatest amount of snow fell as small spicules and granules, but on 
two occasions star forms were noted. On these occasions, the temperature was 
unusually high. 

On occasion, both with and without wind, snow fell in a fragmentary form resembling 
drift. 

August, 1911. — Snow falling on 61 occasions out of 243 observations in all. 

All snow fell in the granular or spicular form. 

S&pte/niber, 1911. — Snow falling on 36 occasions out of 193 observations in all. 

All snow was of the granular or spicular type, except dmcing the fall of September 14, 
when the greater part of the snowfall was in the form of narrow-armed stars. 

Occasionally the spicules have been very small and aggregated in flecks of 60 or 
60 spicules. This type of snow has usually fallen during a breeze of at least moderate 
strength (fluff-balls). 

October, 1911. — Snow falling on 49 occasions out of 161 observations in all. 

All snow was of the granular or spicular type. There was an apparent tendency 
towards an increased size of grain. 

Novetnber, 1911. — Snow falling on 33 occasions out of 228 observations in all. 

An increase of plate forms at the expense of other types. Snowfall for the month 
has been small, but grains are of larger size. 

Decetnber, 1911. — Snow falling on 37 occasions out of 248 observations in all. 

A small snowfall and characterized by the immaturity of the crystals which fell. 
On only two or three occasions were ice stars observed. 

Rain fell on two occasions. 

At Cape Evans, during the winter, it seemed possible to divide the types of snow 
into two classes : — Those which formed while the air temperature was rising, and those 
which formed when the air temperature was falling. Apparently the “ fluff-ball ” 
t37pe was characteristic of the former conditions and solid plates and prisms charac- 
teristic of the latter conditions, the amount of snowfall in the latter case being 
very small. 

If it could be deterrnined with certainty that this was also the case at Cape Adare, 
the point would be of some importance. Forms in which the ratio of surface to volume 
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is large we have already associated \Vith a quick rate of growth, probably a mixing 
of two masses of air with different temperatures and percentage humidities ; forms 
in which this ratio is smaller may be associated with slow cooling (by radiation and 
by contact with colder solids). 

If it is true that frail snow forms are due to quick growth and solid forms to slower 
growth, we can certainly associate the former types with a larger energy transfer than 
with the latter types. We would then expect the former to be types characteristic 
of the snow when the snowstorm was at its height and the latter to be associated with 
the earlier and later stages of the storm. Whether this reasoning is correct or no, 
• hliiB is indeed true of those Antarctic snowstorms of which we have a fairly complete 
record. A hi gli air temperature is also associated with the period of maximum snowfall 
and may have some influence on the type of snow formed, but can hardly be said to be 
the cause which determines the type which shall be assumed. 

Laboratory experiments would throw much light on this vexed question and should 
lead to results of value to meteorological science. 


(3) Feost Crystals. 

As it soon became clear that only an immense mass of data would enable 
any clear deductions to be drawn as to the relation between crystal form and the 
various physical conditions in the atmosphere corresponding to imperfectly-known 
conditions on the surface, little further attention was paid to the form of snow 
crystals. A study of frost crystals formed on the surface under fairly well-known 
conditions seemed, in fact, to promise much better results, though, even in this case, 
the physical conditions governing the formation of the frost crystals were far from well 
known in the majority of cases. Our chief disadvantage was our lack of knowledge 
regarding the absolute and relative humidity of the air, as it became clear from the 
first observations, that the rate of formation of the frost crystals had an almost decisive 
effect upon the form assumed by the crystal. 

It will be convenient to examine what types of frost crystals were observed at 
different times of year under different conditions before proceeding to analyse the 
results obtained. First of all, however, certain points which govern the whole action 
of frost-crystal formation must be stated. These are : — 

(а) Frost crystals which are formed on already existing ice-forms tend to grow in 

such a manner that the axes of the new crystal form are parallel to the axes 
in the old form. 

(б) Other things being equal, the crystals tend to grow towards the direction from 

which the supply of ice vapour proceeds. Thus, if the crystal is of the lamellar 
type, the optic axis tends to lie at right angles to the direction of supply 
of vapour ; if the chief growth is along the optic axis, this axis tends to lie 
parallel to the direction from which supply emanates, but this tendency is 
much less definite than for crystals of the lamellar type. 
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From what has been written in the earlier part of this chapter, we are 
prepared to find that the type of crystal formed is largely dependent upon 
the rate of growth of that crystal, and to find that the freedom of circulation 
of air around the crystal, which modifies the concentration gradient of the 
water vapour, will play an important part in deciding the type of crystals 
formed. 

Let us first consider the types of crystals formed on snow and ice surfaces in 
the Antarctic during those months when the sun appears above the horizon, 
86® south latitude being the southernmost limit for which sufficient observations are to 
hand. 

In the summer, radiation from the sun and sky exceeds radiation from the surface 
to the sky and other surrounding objects. It is clear, therefore, that many portions 
of the ice or snow surface will often be at a higher temperature than the air in contact 
with it, so that, as is indeed the case, we should expect the most likely positions favouring 
the growth of frost crystals to be those which are partly sheltered from the sun, as in 
the minor depressions of the snow surface. The sun’s rays heat the sun-bathed 
portions of the snow surface, causing a vapour pressure which is greater than that 
over the portions of the surface which are shaded from the sun, and inducing 
growth in these latter places. Our observations in summer (excluding, for the 
moment, observations on the Barrier and the Beardmore Glacier), may be summarised 
as under : — 

(i) In the vicinity of water, especially at low air temperatures, the feathery 

(pinnate) form was the most common (Plates XXVIII and XXIX). 

(ii) On the lips of small depressions in the surface, the most common form was a 

solid lamellar typo (hexagonal type). 

(iii) In more shady positions and in large depressions, solid prismatic forms (fascicular 

or prismatic type (Plates XXX and XXXI)), were found growing upwards 
from the bottom. 

(iv) A combination of the two latter types (Plate XXXII) was commonly observed 

in small depressions. This we have every reason to believe was due to 
alternations in the intensity of the sun’s radiation, the plate form growing 
when the sun was shining most strongly and the prism form when the sun’s 
rays were less strong. This complicated structure was built up by the 
formation of prisms at the angles of hexagonal plates (and at right angles 
to the plate), whenever growth became slower ; other plates similarly related 
to the prisms later forming from the free ends of the prisms as soon as growth 
again became faster. (This form was also occasionally observed in the lobby 
of the stables (see Plate XLVI).) 

(v) During foggy weather, growth took place everywhere on the snow surface, 
the form being somewhat of the type mentioned in (i) (Plates XXXIII and 
XXXIV), 
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(vi) Fascicular crystals as in (iii) were occasionally found lying lengthwise on the 
surface of clear ice, especially during the autumn months. Their occurrence 
was not common, and they were never present in any great numbers when 
seen. They sometimes attained a length of 2 inches and a breadth of 
if inch. 

All these crystals were observed throughout the summer and at all temperatures 
and heights. The feathery forms obviously grew in localities and situations where 
there were large vapour concentration gradients ; with smaller gradients, the solid 
plate forms were found ; while, with the smallest gradients, solid prismatic forms were 
most common. Thus, on many occasions, pinnate forms were found on snow slopes 
facing north {i.e. on the sunny side), whUe on level snow surfaces the predominant 
type at the same time was prismatic, and on the lips of small depressions in the level 
surface solid plate forms were most common. 

We have already suggested that the form assumed by frost crystals is chiefly 
conditioned by factors determining the rate of growth, and it will be seen that (i) to (vi) 
above substantiate this assumption, with the possible exception of (vi). The formation 
of these horizontal-lying fascicular crystals on a bare ice surface was not observed on 
glacier surfaces, but only on bare sea ice, or the ice covering freshwater ponds, and 
their occurrence is somewhat difficult to explain, though it is possible that tlie conditions 
those which obtain within a snow-drift. It would certainly liave been 
much more surprising to find bare sea ice covered with crystals of a less massive type 
(of higher vapour pressure). The occurrence of the crystals lying flat on the surface 
(not projecting from it) is probably an indication that the conditions for the formation 
in tliis type only existed very close to tlie surface of the ice sheet. 

When we come to consider the observations made at latitudes above S., on tlie 
Barrier and on the Beardmore Glacier, the same general principles can be seen to deter- 
mine the formation of frost crystals on the snow or ice surface. The only real difference 
is that combinations of prism and plate forms, as in case (iv), were less often observed. 
Naturally also, pinnate forms were less frequent than at lower latitudes. Tlie changes 
which took place on the surface will be better understood after reading the section 
referring to the form of crystals found in the surface layers of the snow. Generally 
speaking, however, in conditions when fascicular types were formed on the surface, 
plate and pinnate forms appeared on the northern side of snow cairns exposed to the 
full rays of the sun. The pinnate form occurred only rarely, when radiation was 
particularly intense. In these circumstances, also, hexagonal plate forms growing 
from the fascicular forms appeared on the Barrier surface, and their formation was 
coincident with more intense conditions of radiation. 

It should be pointed out that, both on the Barrier and elsewhere, when snow is 
deposited in hght feathery flakes, these very quickly change on the surface* to 
other and more stable forms ; to massive fascicular, prismatic, or pyramidal types. 
This quick change can only be referred to the relatively high vapour pressure associated 
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with ice crystals of the “ feathery ” type. Commonly also, when snow crystals of 
the feathery type were falling, the crystals already lying on the surface developed 
feathery ends. 

During the summer months, dark objects are rarely found to serve as the support 
on which frost crystals grow, owing to the fact that they are normally, owing to absorption 
of the sun’s radiation, at a higher temperature than the air surrounding them. This 
is not, however, true for a class of quick-growing crystal which we have called “ fog- 
crystal.” These form under different circumstances, one of which was typified on the 
Banier, the other at Cape Adare. Fog-crystals were quite commonly formed on the 
Barrier, but particularly in the late summer, the crystals usually, but not always, being 
deposited both on the snow surface and on such objects as ski, ski-sticks, etc., projecting 
from the snow. The crystals were of a very feathery type (Plate XXXIII), similar to 
those deposited at the entrance to the stables (Plate XXXIV) ; were formed even at low 
temperatures, and in preponderating amount on the windward side of all objects. They 
were commonly accompanied by a yellow “ fog-bow ” in the sky (opposite to the sun). 
For these reasons, it is believed that their occurrence was associated with super-cooled 
water drops, even at such low temperatures, though this demands an almost total 
absence of “ condensation nuclei ” in the air.* 

On the Barrier and the Beardmore Glacier, the occurrence of “ fog-crystals ” was 
usually associated with a succeeding spell of comparatively warm weather, during 
which, sometimes for several days, snow fell in small amount in the form of narrow- 
armed plates. Bnow-falls of this typo were particularly trying, as the light was 
always bad, owing to the fact that the light reflected from the surface was on these 
occasions almost exactly the same as that transmitted from the sky above. Sometimes, 
for days on end, it was impossible to distinguish the horizon at all, making steering 
a matter of exceeding difficulty.^ These conditions usually obtained when the snow 
was falling in the form of narrow-armed flakes. 

The other type of fog crystal was best developed at Cape Adare during the winter, 
and at times when moist air was slowly moving over the station from the open water 
holes and lead. Their occurrence in this case can with greater certainty be ascribed 
to the presence of water drops in the air, and it seems probable that this class of crystal 
is identical with Dobrowolski’s hoar-frost {gwre), tliough the granular type was with 
us only once observed at any distance from open water. 

The preceding remarks refer to frost crystals which grow in the Antarctic when 
the sun is above the horizon. ■ During the winter, when the sun never rises, conditions 
are generally quite different and radiation from the snow surface is very great. During 
these months, conditions irnfortunately do not lend themselves to accurate observations 
on the type of frost crystal, especially as the normal cold-weather crystals are of com- 
paratively small size. Except those formed near open water, the only frost crystals, 

* See footnote pp. 25 and 50. 

t Conditions were often so bad that a large snow cairn 7 feet high could not be distinguished 20 feet 
away, though a dark object could be seen at a distance of 2 or 3 miles. 
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formed in tlie open, whicli we liave been able accurately to observe during the winter, 
were those which formed and were collected on glass microscope slides exposed for this 
purpose so as to radiate to the slcy. The type of crystal formed m the slide was dis- 
tinctive, but was obviously related in some way to the glass surface. Plates XXXV 
and XXXVI show some of these “ arborescent ’’ forms, together with a few minute 
crystals which had/aiZew from the sky. The occurrence of these crystals was invariably 
associated with a falling air temperature, caused by radiation to the sky during calm 
weather. At the times when crystals formed on the glass slides, ice surfaces also 
developed a growth of hexagonal plates on the surface, which prolonged the existing 
axes in each crystal and formed scale-like projections which lay parallel to one another 
on the surface of each ice grain. Thus, an individual grain on the surface of one of 
the lakes at Cape Evans and Cape Adare would be seen as a bright patch in the reflected 
light of the moon (when the eye was suitably placed), a neighbouring crystal appearing 
dark from this position, but showing up as a bright patch when observed from some 
other position. 

Occasionally in summer, crystals would form on the under-side of ice, which had 
at one time formed the surface of a glacier stream, but which had since drained away, 
and these could be seen to lie in a similar manner. The crystals could then clearly 
be seen to be composed of minute plates similarly oriented on the surface of the same 
grain, but differing in orientation from grain to grain. 

Occasionally during the winter, frost crystals were observed to form in the open 
on other supports, but, though a good example is shown in Plate XXXVII, it was 
seldom that the type of crystal could be observed. 

It was quite otherwise, however, with the crystals formed in the neighbourhood 
of open water during the winter, near cracks in the ice and on newly-formed sea ice. 
Many observations were made on these crystals and the results appear to substantiate 
our theory. Where quick growth took place, a feathery pinnate type of crystal was 
observed ; when growth proceeded more slowly, more solid lamellar forms were seen ; 
while, not uncommonly, fascicular forms such as those shown in Plate XXXVIII were 
also observed. In general, the latter t 3 q)e seemed to be characteristic of slow growth. 
On more than one occasion, pinnate forms appeared close to a lead of open water, solid 
plate forms a short distance away, and fascicular or prismatic forms at a still greater 
distance. 

One observation of the formation of fascicular crystals on new sea ice deserves 
further notice. The observation in question was made in April, 1912, during an attempt 
to relieve the Northern Party. Between Butter Point and the Koettlitz Olacier, a 
stretch of black sea ice about 10 inches thick was traversed which was thickly carpeted 
with rosettes of ‘‘ ice flowers ” ia the form of nearly upright fascicular crystals up to 
4 inches long and inch thick (Plate XXX). There seems no doubt that these crystals 
were formed during the very cold calm weather which immediately preceded our visit, 
and it is probable that the rather unusual type of crystal form in these “ ice flowers ” 
owed its ori^ to an entire lack of even the slightest, breeze while the sea ice was forming. 


70 



As pointed out before, a slight air current must profoundly modify the vapour 
concentration gradient. 

Generally, the frost crystals formed at a low temperature near water are of a pinnate 
form, due to a large concentration gradient; but in absolutely still air, opportunity 
is given for the formation of the more solid types of crystal. 

The efEect of a current of air in modifying the vapour gradient must be considerable, 
and observations made on crystals over the outer door of the pony stables clearly show 
that the feathery form of the crystals in this situation is due to the considerable current 
of warm moist air passing the comparatively cold crystals already present over the 
entrance to the stables. Other examples of the formation of feathery types in enclosed 
spaces, due to a large vapour concentration gradient, were observed over the door of the 
hut and on the ice covering the inner side of the windows, during the enforced stay of 
the Depdt Parties and the Western Party at Hut Point in April, 1911. The 
same type is always formed when a block of very cold ice is brought into the warm 
air inside the hut, feathery crystals -n? inch long forming on the surface of the block of 
ice in the course of a minute or two. 

A considerable number of observations is available on the form of frost crystals 
observed in the pony stables, and particularly in the lobby which connected with the 
stables proper through a door (usually kept open), and the outside, through another 
door which was more usually kept closed. The temperature within the lobby varied, 
being usually a little below frceising-point near the roof and from 10 to 15° 0. below 
freezing-point near the floor. The chief outflow of moist warm air was close to the 
roof, and here the frost crystals were almost invariably of lamellar type, the plates 
pointing inwards (Plates XXXIX, XJj, XLI, XLII and XLIII). At a lesser height, 
more solid forms of crystal predominated, and near the floor prismatic and fascicular 
types wore the most common (Plates XLIV and XLV). 

Very commonly, combinations of these two types were seen as figured in Plate XLVI, 
fascicular or prismatic forms growing at right angles to the plates, sometimes to build 
up the complicated form which was so frequently observed in the open air in summer 
(Plate XXXH). Individual spikes growing from a lamellar form are shown in 
Plate XLVI I . The very perfect crystals characteristic of summer growth in the open 
were very seldom observed under the conditions obtaining in the stables. 

A certain number of observations was also made on crystals formed in the pendulum 
ice cave, which was frequently visited, a considerable amount of moisture (from the 
observer’s breath) being left after each visit. The crystals formed from this vapour 
were occasionally collected on microscope slides, giving the forms shown in Plates XLVTII, 
XLIX and L. The temperature of the ice in which the cave was constructed varied 
from - 18° C. to - 25° 0. in this period. Prom the form, it is clear that the crystals were 
formed in the air and later deposited on the slides. On the lower portions of the ice 
forming the sides of the cave, crystals grew in minute plates with rather thick ribs, 
these being deposited on each ice grain so as to prolong the existing axes, aU being 
therefore similarly oriented on the surface of each individual grain. 



Experiments were at times made in this cave on the freezing of fresh and salt water, 
and it was found that feathery crystals of the type shown in Plates XXVIII and XXIX 
were always formed on objects above and close to the freezing water, these crystals growing 
to a considerable size in a few minutes, especially if the sample of water was originally warm. 

In crevasses and in artidcial caves which are seldom visited, the frost crystals 
are restricted to a single tj^pe, both in winter and in summer. This type when complete, 
is of hollow pyramidal form (turret-shaped), comparatively coarse in structure and 
growing sometimes in enormous clusters. These hollow crystals are very dijfficult to 
figure ; the sides often converge to a point, but there is no general rule. In their most 
perfect form, they resemble a hexagonal plate which has been distorted so that the 
centre of the plate forms the apex of a hollow pyramid of hexagonal section. More 
conunonly, however, the sides of the pyramid do not close, while the section of the 
pyramid is very frequently rectangular, as shown in Plate LI. The whole crystal 
is of a very massive type as might be expected in view of the conditions in which it 
develops, i.e. in an enclosed space with a very small vapour concentration gradient. 
It is clear that a considerable quantity of air is present in the body of the crystals. 
In view of the conditions under which they grow, it is possibly strange that even more 
solid (prismatic) forms are not observed in crevasses ; none were, however, seen. 

We should naturally expect that the loose crystals in snow-drifts on the surface 
would approximate to this form of crystal, in viewr of the similarity in the conditions 
of formation. Our observations show that this is indeed the case, except 
in warm weather, though the crystals are never perfectly developed, having 
the appearance rather of broken fragments of the perfect pyramidal type. A number 
of these crystals from the body of a winter snow-drift are shown in Plate LII. In the 
summer, however, both on the Barrier surface and in lower latitudes, drifts were 
commonly composed of crystals of the fascicular type, all the observations of this type 
referring to warm days and to positions near the upper surface. 

It has already been mentioned that crystals formed directly on glass plates assume 
a typical arborescent form, which is probably connected with the structure of the glass 
itself. These types are well shown in Plates LIII and LIV, the latter of which is a 
photograph of the crystals formed on the inner side of the outer pane of a double window. 
On the inner side of the inner pane of a window in a warm moist room the frost figures 
shown in Plate LV are invariably formed, but their formation appears to be directly 
due to the presence of water. In this plate, the frost figures are made more apparent 
by the subsequent deposition of tiny frost crystals on the ice. At higher temperatures 
frost deposition may take place in a granular form, the deposition in this case probably 
being from water drops in the air. 

Rate of Geowth of Eeost Ceystals nr the Febe Aie. 

From the previous remarks, it will be clear that the rate of growth of frost crystals 

varies enormously according to the physical conditions under which the crystals are 
fonhed. 
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The fastest growing crystal is clearly of the frail pinnate type, and we have often 
observed crystals inch in length which have been formed in the course of half an 
hour under favourable conditions. 

An interesting experiment is to bring a large piece of ice at — 40“ C. or !P. into a room 
at about freezing-point. Delicate feathery crystals at once begin to grow on the surface 
of the ice and in a minute or two are inch long. 

Observations on the rate of formation of other types of frost crystals are less complete. 
Frequent references are, however, made in our notes to the formation of plate ends on 
the originally pinnate feathery crystals in the course of an hour or so, while considerably 
greater periods seemed to be necessary for the formation of prismatic or fascicular 
crystals of similar dimensions. 

As regards the rate of change from one type of crystal to another, the observations 
are very numerous. Naturally, the quickest change is the change from the frail pinnate 
type of crystal to more massive forms, and snow of the type mentioned quickly changes 
to more massive forms once it has reached the ground. The reason for this change 
is the high vapour pressure of the crystals possessing a large surface relative to volume. 

Though the changes which take place in the body of a snow surface must obviously 
be slow, it is clear that at the surface itself the changes in the physical conditions of 
the air and variations in radiation from the sun will be considerable, and that crystals 
on the surface will be continually changing in form. On the Barrier sledging journeys 
it was interCvSting to note how the surface crystals varied in form from day to day, 
depending on the air conditions and on the intensity of the sun’s radiation. On one 
day the surface would be carpeted with fascicular crystals, on the next day with coarse 
platc-hke forms, or with large flat plates which reflected the sun’s rays, showing up as 
numerous small areas of white light on the snow surface. Many times it was observed 
that a few hours’ sunlight on the surface caused the growth of crystals which continued, 
on the snow surface, the 22“ halo formed by crystals present in the atmosphere. More 
often, however, the halo was seen only on the Barrier surface, in the form of a parabola 
with vertex towards the observer, the individual crystals showing up as very bright 
spots of light ; red, green, blue, and all the ooloiurs of the rainbow. Inside the parabola 
no coloured points of light were to be seen, outside the parabola many very bright 
coloured specks, decreasing in number, however, as the distance from the parabola 
increased. 

It should be mentioned that the changes in the form of crystals on the Barrier 
surface may be assisted by the porosity of the Barrier in its upper layers, with consequent 
movements of air into and out of the mass of snow. It is interesting to note, in this 
connection, that on one occasion a portion of a 22“ halo was observed in a low drift 
which obviously consisted only of ice crystals c^aught up by the wind from the Barrier 
surface. 

General Bn^suMi:. 

The preceding analysis of the conditions governing the growth of various types of 
crystals, embodies the results of our observations in the Antarctic. Though the observa- 
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tions greatly lack in definiteness, particularly as to tlie humidity conditions, the results 
are sujB&cient to show that temperature is not the factor which decides the form in which 
the crystal shall grow, but that the rate of growth is of much greater importance, this 
being conditioned (chiefly at least) by the vapour concentration gradient, frail types 
of crystal (s^iJ/ace/volume, large) being formed for high gradients, solid types {surface/ 
volume, small) for low gradients. 

This follows naturally if the mean vapour pressure over frail types of crystal is 
greater than the mean vapour pressure for the more solid types, but does not exclude 
the possibility that two crystals of different size and type may have the same mean 
vapour pressure under identical conditions of temperature, pressure, etc. It is, moreover, 
difficult to see in what way the rarity of thick plates and short prisms can be explained, 
except on an assumption that the mean surface energy depends not only on the total 
surface of the crystal, but also on the relative areas of the different faces.* 

There can be little doubt that a detailed laboratory study of the form assumed 
by ice crystals under determined conditions will yield results of some importance to 
Meteorology. In this connection, it is important to note that the continued growth 
of a crystal usually involves the inclusion of a certain amount of air, which gives an 
insight into the form assumed by the crystal at each stage of its growth. If, therefore, 
the relation of the crystal form and the included air cavities to the physical factors 
involved can be established with certainty, a study of the snow forms which fall to the 
earth’s surface should give considerable insight into the physical conditions obtaining 
in the atmosphere during their formation and subsequent growth. The results of 
Bentley’s observations on the relation between crystal types and the character of the 
storm to which they owe their origin are full of promise, and suggest that a more 
detailed study will yield important results. 

♦ Volmer and Estermann (‘ Zeit. fiir Physik,’ October, 1921) point out that mercury crystals, after 
reaching a certain stage, stop growing in breadth and increase in thickness. 




CHAPTER III. 


CRYSTALLINE STRUCTURE OP ICE. 

The preceding chapters have dealt with the meteorological conditions promoting 
the formation of snow, the forms in which this snow is deposited, and the subsequent 
changes experienced by the snow surface during its change to ice. This chapter deals 
primarily with the metliods of examining the structural changes in ice, the methods 
of formation and the changes which take place in ice formed from water, and certain 
details of the structure of glacier ice which have not so far received attention. 

Methods of Examining the Struotueal Changes in Ioe. 

Methods for studying the form and size of individual ice crystals naturally depend 
in the first instance on such physical properties of crystals as enable one to distinguish 
the crystal boundaries. 

The first method which we have used for studying the individual crystals in a mass 
of ice depends on the fact that such a block of ice, exposed to influences promoting 
ablation, develops on its surface, in course of time, slight depressions at the boundaries 
between crystals, due to increased evaporation along these boundaries. The cause of 
this increased evaporation is obscure, but it is difficult to account for the slight troughs 
so formed in any other way.* 

The lines are usually so faintly marked that they cannot be directly photographed 
and, in order to reproduce their form correctly, steps have to be taken to make them 
more visible. 

One of the best of these methods consists in rubbing the surface of the ice with a 
soft black-lead or oil pencil. The soft “lead” is deposited in the depressions between 
the crystals, while on the smooth surface of the crystal itself the pencil leaves no mark. 
A small expenditure of energy thus leaves the surface with the crystal boundaries well 
marked. They can then readily be photographed (Plate LVI). 

This method is not very applicable to those surfaces, such as frozen sea water, 
when the ice is so soft that the pressure of the pencil rubs off parts of the surface. 
In such cases, a useful method of intensifying the marking is by gently rubbing the 
surface with the finger dipped in some form of liquid ink — ^barograph ink forms a good 
medium — and finally rubbing the surface over with a dry cloth. By this process, 
the ink is removed from the upper portions and left in the depressions between them 
(Plates LVII and LVIII). 

* According to the view outlined in the next chapter, such boundaries must be the seat of molecules 
of energy*content above the average ; the vapour pressure is therefore high in these boundaries. 
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A better method still, we have found, is to brush the surface lightly with soot carried 
on a fine camel’s-hair brush. This method is not only applicable to all forms of these 
“ reticulation troughs,” even where the trough is so narrow that the pencil leaves no 
mfl.rTr (Plate LIX), but may also be employed in order to elucidate the structure of 
certain crystals such as those formed on window panes (Plate LX). 

If the boundaries are well marked and the reticulation troughs have in the course 
of time developed sufficiently in width, they may be made visible by holding a piece 
of thin paper on the sample of ice and rubbing the surface of it with a soft pencil. The 
smooth parts are marked by the pencil, while the depressions between the crystals remain 
blank and enclosed between areas of heavy black. This method, though simple, in 
that it does not require the help of a camera, cannot be used very generally, as it 
requires an approximately flat surface and a well-developed reticulation trough 
(Plate LXI). 

If the reticulation trough is well developed, it is quite possible to make casts of 
the surface by the use of plasticine (Plate LXII). A plaster of Paris cast of the latter 
can then be made, and in this way the surface can be shown up in its true contours 
(Plate LXIII). 

As a particular development of this are shown two casts (Plates LXIV and LXV), 
which were made without the intermediary plasticine model by simply pouring the 
plaster mixture directly on the ice, so that the surface is shown in relief. This method 
is particularly applicable to the study of the structure of sea ice as in the illustration, 
the presence of the thin plates of which the crystals are built up being made evident 
by using a plaster mixture almost at freezing-point. Such a mixture chiefly attacks 
and melts those parts which contain the most salt, and the spaces formerly occupied 
by the salty ice, together with those spaces in which the air is concentrated, are filled 
up by the plaster of Paris. The whole is then left for the ice to melt slowly, 
and the final result is a very interesting reverse cast. In the photograph, it will 
be seen that a large number of the ridges corresponding to the freezing planes have been 
broken off during the melting of the ice. 

During the first western geological journey, a study of the structure of different 

ice forms was made whenever possible 
by means of a simple polarising instru- 
ment constructed after a model kindly 
lent by E,. M. Deeley (Fig. 174). This 
consisted essentially of a reflecting 
polariser of patent plate-glass and a 
Nicol prism used as an analyser. Thin 
sections of the sample of ice it was 
desired to investigate were formed by 
the combined use of a small chisel and 
a brass plate slightly warmed for the 
purpose. When the thickness had been 



A fC£ S£CrjM TO STUOt£D 
B GLASS ft£rL£CriNG AiLATS 
C N/COL m/sm AUALYZEf^ 


Fig. 174. 
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reduced to about -5^0 bich, the sample of ice was inserted between the polariser and 
the analyser and examined through the latter. As the separate crystals were coloured 
differently, it was easy to distinguish their boundaries and therefore to sketch the outline 
of the crystals. 

This method is speedy and simple, and is, besides, applicable to nearly every ice 
form, but it is less satisfactory than the foregoing methods, unless a camera is used. 
The two cases in which this method fails are : — 

(1) When the section comprises a number of separate crystals which have their 

axes all similarly oriented, so that with a section of tmiform thickness the 
whole field is of a uniform tint ; and 

(2) When the section, as in the case of sea ice, falls to pieces before it can be reduced 

to the required thinness. 

Another method in which the orientation and size of the crystal may be made 
evident, is one which cannot readily be induced by artificial means. We refer to the 
outlining of the crystals by deposition upon them of hoar-frost from the air (Plate LXVI). 
This method, however, does not lend itself to the process of photography. It was to 
be observed on the surface of all lakes after a sudden fall of temperature during the 
winter months, the crystals showing up in the light of the moon as isolated bright 
patches. The sporadic distribution of these bright patches reflecting the light of the 
moon was at first sight difficult to explain, since from any particular position only 
five or six patches could be seen. The general effect was, in fact, similar to that of a 
number of small, irregularly-shaped mirrors cast down haphazard on an uneven surface. 
The true cause of the phenomenon was, however, easily recognised wheii the discovery 
was made that the shining plates were only visible after a fall in temperature, during 
which other objects had been covered in hoar-frost. The phenomenon depends on the 
principle that, when frost crystals are deposited on ice, their axes arc arranged parallel 
to the axes of the original crystals on which they are deposited. Thus, on any one 
crystal reaching the ice surface, the hoar-frost is deposited in the form of small plates 
arranged parallel to one another and perpendicular to the optic axis of the crystal. 
A reflecting surface is thus formed on the crystal at some definite angle to the ice surface. 
Such a reflecting surface is therefore composed of myriads of small plates which are so 
small that they cannot be collected for examination, and are usually only rendered visible 
by the light reflected by them. 

On one occasion, however, the phenomenon was developed to better effect, and the 
actual hoar-frost crystals were of sufficient size to be easily visible to the naked eye. 
The sample of ice in question was collected from the Koettlitz Glacier on February 23, 
1911, and was found on the under surface of ice which had originally formed the surface 
sheet of a thaw- water stream. By the draining away of the water, the ice covering had 
been left attached to its banks and sagged towards the centre, so that at the edge a 
considerable air gap occurred below the ice. The hoar-frost plates were here of quite 
considerable size (-iV inch in diameter). They could easily be seen to be all standing on 


77 



tlieir edges, and, on any one crystal face, they were all disposed as parallel planes. This 
method of deposition is illustrated in Fig. 33. At the same time, under another 
portion of the ice sheet, the crystals were seen to be outlined, not in this manner, but 
by ridges formed of hoar-frost deposited along their boundaries. 

A similar result was observed in England in 1922 on Pond-Ice, the light in this 
case being reflected from small air spaces in the form of hexagonal plates included in 
the body of the ice sheet. These were less than ^ inch in diameter, and in any one crystal 
lay parallel to one another. In the majority of crystals these plates were within a few 
degrees of the horizontal plane. In the case, however, of the long crystals which projected 
slightly above the general level the planes were lying almost vertical, and these crystals 
showed blacker than the others when viewed from above. The large bubbles which 
were the result of deca 3 dng vegetable matter were flattened in the horizontal plane, 
and of circular section in this plane in all crystals. 

The final method of determining the size and shape of the crystals is that which has 
been used by J. Y. Buchanan.* This method depends on the fact that, if an ice block 
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lig. 33a* Frost crystals deposited on pond ice. Fig, 33b. — Frost crystals dopositod on pond ice, 

is exposed to solar radiation of sufficient intensity, not only are the boundaries between 
the crystals outlined by reticulation troughs of greater or less depth and width, but 
even, in the course of time, the ice mass becomes disarticulated, so that when tapped or 
shaken it disintegrates into its component crystals. Whether this is due to greater 
absorption of the radiation at the interfaces, or to the presence of a trace of salt in the 
boundaries, or, more likely, to the higher mean energy of molecules in the boundaries, 
is immaterial. It is sufficient that a very valuable method is thus given to us of 
determining the mean size of the crystals by direct counting and weighing. It suffers 
from the single disadvantage that the smaller crystals are liable to be overlooked in 
the process of counting, or destroyed in the process of heating. 

In certain cases, the fracture of ice takes place along the crystal boundaries, as in 
the case of sea and sometimes of lake ice. The best example of such a fracture was seen 
at the junction of the sea ice with the end of the Ferrar Glacier. Here a small pool 
of water, which was slightly saline to the taste, had developed an ice covering about 
3 inches thick by January 28, 1911. This covering appeared quite black when viewed 
from above and, to the naked eye, exhibited no traces of structure. On digging a hole 

* Paper read before tbe Royal Institution of Great Britain, May, 1908. 
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for the collection of water for the cooking-pot, however, the ice covering broke up into 
a number of vertically arranged cylinders of polygonal cross-section. The number of 
sides in the polygon varied, but in general there were five or six. The polygons had 
definitely angular corners, and were on an average inch across. The bounding planes 
seemed to be accurately vertical and the columns were of constant cross-section. 

A similar, but much more striking, case of this polygonal fracture in lake ice was 
recorded by the Shacldeton Expedition from Blue Lake, Cape Boyds.* The polygons in 
this case were rather more than | inch across, remarkably uniform in shape, and could 
be traced to a depth of between 2 and 3 feet, some of them much further. The 
interfaces between these polygons were most decided planes of weakness, and the ice 
split more easily along them than in any other direction. 

StrucMvre within the Crystal. 

In sea ice the structure, owing to concentration of salt and air, is very easily 
recognised. Not only are the individual crystals outlined, but the crystal is seen to be 
built up of a number of plates separated by a briny concentrate. This structure is not 
confined to ice formed from salt water ; it may also be recognised in surface ice from ponds 
and even, xinder certain conditions, in glacier grains. The planes are well indicated in 
Plates LVn and LVIIt, which represent a sample of sea ice Which had been kept 
slightly below freezing-point for about two weeks, and which had slowly ablated at that 
temperature, and had then been rubbed with barograph ink. The lines of intersection 
of the “ planes ” with the ice surface are the fordsche streifm of earlier writers, and 
obviou.sly they all run parallel in any one crystal. The “planes” are, of course, 
perpendicular to the optic axis of the crystal. The forelsche streifen in a crystal are 
quite commonly outlinexl by deposition of hoar-frost, the new crystals being laid down in 
continuation of tlic plates, while the spaces between are free from hoar-frost. The 
direction of the planes - and, therefore, the orientation of the optic axis — ^is readily 
recognisable from the striKiture mentioned above. It is not often in Nature, 
however, that the appropriate temperature conditions have reigned for a sufficient 
period of time to emphasise the structure of the ice crystals in this way. We have, 
therefore, usually to resort to artificial appliances in order to study the compositions of 
individual grains in detail. 

The method most generally used to find the direction of the optic axis in any mass 
of ice is that which we owe to Tyndall. He discovered that when a beam of sunlight 
was focussed by a lens and passed through a piece of ice, a great number of small, star- 
shaped “ negative ” crystals (Tyndall’s figures) were formed inside the mass, and that 
these lay parallel to one another and perpendicular to the optic axis of the crystal in 
which they occurred. f 

* Nimrod Antarctic Expedition, 1907-9. Greological Report. 

t The hgures are possibly due to the heating of small dust nuclei and the formation of water about 
them. The star-like shape may be referred to the differences in conductivity for heat along the different 
axes of the crystal. 
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Fbazil-Ioe. 

The development of frazil-ice is best studied in swiftly flowing rivers during the 
winter in such climates as that of Canada. In such situations the surface cooling causes 
the formation of small plates of ice, while the rapid movement of the water prevents 
their aggregation into a solid sheet at the surface. 

In the Antarctic, the first stage in the formation of sheet ice away from land is the 
production of myriads of small ice plates in the body of the water. These unattached 
plates are identical with the “ frazil-ice ” which forms under the circumstances outlined 
above. At times these crystals are so numerous that the whole surface is covered with 
a thick scum, which gives the water quite a greasy appearance (Plate LXVII). 
Wherever the movement of the water is not too great, the frazil crystals freeze to all 
objects bathed in the supercooled water, so that by their agency an ice covering may 
grow with astonishing speed.* 

The formation of frazil crystals is naturally not confined to fresh water alone — 
currents and supercooling may be present also in sea water, and it is to the frazil crystals 
formed in sea water that most of our observations refer. In sea water, naturally, the 
amount of supercooling will depend not only on the temperature, but also on the salinity 
of the sea. Though the actual data for these two are not yet worked out, still our 
observations show that, for a considerable period of the winter, supercooling (evidenced 
by the occurrence of frazil crystals) took place to a depth of at least 8 metres below the 
surface of the sea. During this period (August 5 to October 23, at Cape Evans, 1911) 
“ frazil ” was always deposited on the ropes and lines left in the water during the 
routine work of Marine Biology. The amount of deposit was dependent chiefly on the 
time the rope was left hanging in the water. Quite commonly, after the lapse of 
three days, the deposit at the lower surface of the ice reached a thickness of 2 ^ inches, 
so that the line here had a total diameter of 5 inches (Plate LXVIIl). This 
deposit tapered off gradually in amount till, at a depth of 8 metres, it was entirely 
lacking. 

At first sight it may appear difficult to understand how it is possible for the frazil 
crystals to occur at so great a depth, in view of the difference between the density of 
ice and water. It must be remembered, however, that the crystals are exceedingly 
fragile, and have a very large ratio of surface to weight, so that the smallest currents 
and eddies are sufficient to prevent them from rising and depositing themselves on the 
under surface of the sea ice. In the case of sea water freezing to form an ice sheet, 
the process of freezing develops a vertical current which will be superposed on any 
horizontal currents (tidal or otherwise) to which the place is subject. The ice formed 

* It slxould be pointed out that, according to Barnes (‘ Ice formation ’), tbe formation of frazil is 
accompanied by a minute amount of supercooling (1/1000° or so) and, vice versa, that supercooling in 
moving water is accompanied by the fomaation of frazil crystals. This result seems possible, provided 
the frazil " crystals ” existing are so small that the cr 3 n 3 tallographic forces are not developed, and the 
crystals can be regarded as a new modification of ice of greater energy than the crystalline form of 
ice. The best analogy is that of a colloidal solution of ice in sea water. We have also to remember that 
the melting point of a solid is lower the smaller the dimensions of that particle. 
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from isea water is mucli less saline than the water itself, so that the rejected salt forms 
a solution of greater density which sinks and causes a downward current of small 
velocity. Though this velocity is small, it is probably suflS.oient to account for the 
observed facts. An analogous (but reversed) action in the summer inay assist to fill 
the lower parts of the sea ice and pack ice with diatoms carried from below, a process 
which takes place to such an extent as to give to much of the ice in the pack a most 
distinct yellowish tinge. 

Frazil crystals appear on the surface of the Antarctic seas generally towards the end 
of March, and this is directly due to the fall in air temperature about that time. The 
earliest date, within our experience, of their occurrence below ice of any thickness is 
recorded from Cape Adare. Here, towards the end of April, trenches dug through 
the sea ice proved the existence of loose spongy masses of these frazil crystals beneath 
the flatter pans of the pressure ice around Cape Adare. These deposits were from 2 to 
3 feet thick. In fact, in some places they were notably thicker than the ice beneath 
which they occurred. An example of the occurrence of frazil crystals in the shallow 
pools of the Cape Adare ice-foot some weeks earlier than this is figured in Plate LXIX, 
where the crystals are seen attached to the branches of a piece of seaweed. 

Mention has already been made of the downward currents of water of greater salinity 
occurring beneath an icc sheet in process of formation. In addition to this, it is necessary 
to remember that the passage of a swift current, such as sweeps past Cape Adare under 
tlie bottom of the heavy hummocked pack filling the entrance to Robertson Bay, will 
give rise to a mirnber of vertically disposed eddies which will be quite sufficient to 
carry such fragile objects as frazil crystals for some distance beneath the surface. We 
liave no record from Cape Adare of these frazil crystals becoming attached to objects 
such as dredging-ropes, but this is explained by the fact that no dredging by the 
endless-line method was carried out at this station. 

The attachment of frazil crystals to dredging-ropes, etc., has been frequently observed 
in the neighbourhood of McMurdo Sound, but it is of interest to record that the 
phenomenon did not take place at Cape Evans until late in the winter of 1911 and 1912. 
If growth is to continue after the attachment of the crystals — as it undoubtedly does — 
supercooling* must take place to considerable depths, since conduction along the rope 
cannot have had appreciable effect at a depth of 8 metres. What then is the cause of 
sufficient cooling to cause the formation of the crystals ? It is within the bounds of 
possibility that conduction through the ice covering may have lowered the temperature 
of the water sufficdently, but, from the suddenness with which the formation of frazil 
ice begins towards the close of the winter, we are led to believe that here the effect 
may be due largely to the tapping of some other reservoir of cold by the inception of a 
colder current, or perhaps a current of different salinity. That such a current change 
can take place is shown by the change in current direction in summer, which plays so 
large a part in the melting of the Fast-Ice in the same locality. 

* The ice bodies wliioh are present in the water are presumably too small to act as mxclei for further 
growth in size. See footnote to p. 80. 
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Mention is made elsewhere of the fact that the rate of growth of the sea ice at Cape 
Evans appears to remain constant after the sheet reaches a thickness of about 3 feet, 
Erom theoretical considerations, as well as by comparison with the rate of growth 
observed elsewhere,* it is clear that growth, if due to conduction through the ice 
covering alone, must become much slower as the depth of ice increases. The constant 
rate of growth of the sea ice here in the latter part of the winter is therefore 
strong evidence in favour of the inception of a cold ocean current at that season of tlie 
year. 

It is from the scum of frazil crystals floating on the surface of the sea that 
the first layer of sea ice is normally formed. That the succeeding growth is also 
partly due to the deposition of freely floating frazil crystals seems certain, on consideration 
of the form assumed by the under surface of the ice sheet. As will be described later, 
the normal growth is such as to leave spaces on the under surface of the sea ice. These 
spaces form quiet '' havens ” in which frazil crystals can deposit undisturbed, but so 
loosely do the latter cohere that usually the process of lifting a block of ice from the sea- 
water is sufficient to shake off all those crystals which have not become incorporated 
in the ice. A more striking example still of this method of growth is furnished by 
observations in the pack-ice off Cape Adare, during the winter of 1911. Here the 
pack had been subjected to considerable pressure, and was composed of numbers of 
pans of widely different thickness frozen firmly together. The bottom of the ice was 
therefore very irregular, and the underside of the thin pans were somewhat sheltered 
from ocean currents and furnished areas for excessive deposition of frazil crystals. 
The deposit of frazil crystals under the thinner pans here reached a thickness of 
3 feet in extreme cases. 

The structure of the frazil crystals formed quietly on the surface of sea water is 
quite visible to the naked eye. They are usually squarish in shape and | to ^ inch 
across, though in extreme cases they may have a diameter of as much as 1 inch. The 
marking of the individual plates is that shown in Fig. 29, which represents a drawing 
made in December, 1910, on the first south-bound voyage of the “ Terra Nova.” The 
optic axis of the crystal is perpendicular to the plane of the plate. Once the frazil 
crystal has been deposited on some foreign object such as a rope, however, it seems to 
lose its distinctive marking. This is probably due to the fact that those plates which 
are sufficiently robust to survive the shaking attendant upon the lifting of the line, 
have a thickness measured, not in thousandths, but in hundredths of an inch, so that 
the original marldng is quite obscured. Plate LXX shows a photo of a few of the crystals 
taken from the line shown in Plate LXVIII. Before this photograph was taken, the crys- 
tals were exposed to the air in the lobby of the hut until the structure had been emphasised 
by the deposition of small prism-shaped hoar-frost crystals along the edges of the plates. 
The arrangement of the individual crystals would apparently be quite haphazard, 
but for the fact that the floating plates tend to attach themselves to foreign bodies 
by one of their edges. 

* L. V. King, * Report of the Department of Marine and Risheries,’ Canada. 
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Anchor-Ioe. 

Quite commonly in the early part of the winter, before the sun has quite disappeared 
and while the sea is still free from ice, one can see from the seaward edge of the icefoot 
that the. water is full of fine frazil crystals showing up as glancing points of light. Usually, 
at the same time, masses of “ anchor-ice up to about 2 feet in diameter can be seen 
attached to the sea bottom. Tliese masses usually grow on projecting rocks or other 
protuberances, and are of a light grey colour which affords a distinct contrast to the 
dark volcanic rock which forms the sea bottom at both of our winter stations. We 
liavc noted “ anclior-ice ’’ of this kind to a depth of about 3 fathoms, so plentifully 
distributed as to cover almost the whole of the sea bottom at that depth (Fig. 26). These 
greyish masses are very easily dislodged by stirring with a bamboo pole, when they 
promptly disintegrate and rise to the surface as a mass composed of frazil crystals 
half an inch or so in diameter. The structure derives its name from the fact that the 
ice appears to be iinchored to the bottom. In the rivers in Canada and other northern 
countries, the masses grow to such a size that their buoyancy becomes sufficient to 



26 . 

raise tlie large stones and boulders upon which they have grown. This, it is stated, 
occurs* during warm and cloudy weather when radiation to the sky is least intiense. 
With us, the masses of anchor ice were only seen to rise on one occasion, which was, 
certainly, a cloudy day. 

Of great interest is the fact that the structure of the masses of anchor-ice observed 
by us in the sea seems quite dissimilar to that observed by Barnes in the rivers of 
Canada. Thus his description runs : — 

“ The growth of anchor ice is exceedingly beautiful, taking place in arborescent 
forms and resembling bushy weeds. So hard and thick does it become that it is 
often very difficult to thrust a sounding rod through it. It is very granular in 
structure, as is shown by an examination of the masses which rise to the surface. 
Tlirougli clciir water, the ice looks weed-like, with, long tentacles rising up out of 
the mass.’- 

In South Victoria Land, on the other hand, the masses were always so loosely coherent 
and so sim ilar in structure to the frazil deposited on the tow-net lines, as to leave no 
doubt that they were formed in an exactly similar manner. A further point of 

* Barnes, ‘ Ice Formation,’ 206. 



distinction between the anchor-ice observed by Barnes and that observed by ourselves 
is connected with the manner and time of its formation. Thus, the statement is 
made by Barnes that anchor ice is formed only on clear cold nights, and this 
leads to his deduction that radiation is the prime cause for the formation of this 
structure. 

On the other hand, the growth of the anchor-ice we have noticed in the Antarctic 
seems to be absolutely independent of the nebulosity of the sky, and further to be 
independent of the colour and constitution of the object on which the growth takes 
place. With the idea of testing this, various objects of different colours were thrown 
haphazard into the water. No difference at all between the amount of growtii on the 
light and dark objects could be detected, and it seems certain tliat any effect of radia- 
tion is here completely masked by the much larger supercooling of tlio water due to 
other causes. Amongst the objects thrown into the water was a bright tin pail containing 
a bundle of black iron wire. When this was drawn up again from a deptli of 0 feet after 
twenty-four hours’ immersion, and the water carefully emptied out, tlic structures 
depicted in Plate LXXI were found. It will be seen that the dei)osit has exactly the 
form of frazil ice, and that the crystals have formed on the bucket and on tbc iron wire 
in about equal amount. 

The single instance we have observed which approximated to the type desciibed 
by Barnes was seen along a very slightly sloping beach between high and low watermark 
at Cape Adare, which was alternately exposed to the sea and to the air. 

Here, a complete coating of ice was given to the boulders of the beach during 
absolutely calm weather, and Plate LXXII shows the structure of the ice. I’lio first 
sign of growth was seen when the boulders were well submerged by tlw? sea water, 
and it took the form of small rosettes of crystals which were roughly prismatic with 
pyramid tops to the prisms. In general dimensions, these were larger and a good deal 
thicker than frazil crystals. 

The prisms in fact were very stout and short, and when the boulders were com- 
pletely covered, by the spreading of the rosettes of crystals until they had merged into 
one another, the general texture of the ice was distinctly granular in appearance. After 
the boulders had become completely covered, the addition seemed to be by concentric 
layers of ice. This ice was quite hard and would have agreed very well with Barnes’ 
description of anchor ice, with the exception that in outward appearance it was quite 
smooth. Its growth in this form is, however, clearly related to the alternate exposure 
to water and air, as the tide rose and fell. 

With the exception possibly of isolated cases such as the above, it would seem 
that the formation of anchor-ice of the type fonned in the Canadian rivers is unknown 
in Antarctica. 

The masses of “ pseudo-anchor-ice ” which we have described above, quite evidently 
grow equally well whether the sea is free from ice or covered with ice, for they have 
been observed immediately small pools or holes have been developed by tidal action. 
Kadiation cannot, therefore, be the main cause of their formation. Their attachment 
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to the rocks, however, shows that radiation and conduction may not be inoperative, 
though the combined result of the two is small compared with the effect due to 
supercooling as a result of other causes. 


The I’ormation and Structure of Sea Ice. 

The frazil crystals which are formed in the sea collect during calm weather to form 
a thill scum on tlie surface, the plates lying horizontal. This felt-like mass grows thicker 
and thicker, if the air temperature is sufficiently low and the sea sufficiently calm, but 
has at first little rigidity and is readily dispersed by wind. Clearly, this lack of rigidity 
is associated with the salt solution remaining between the crystals, since it is only at 
very low temperatures that the whole of this brine can freeze. Owing to heat conduction 
from the vsea below, the cryoliydric temperature cannot be reached and all the brine 
in the upper layers be solidified, until the ice thickness is considerable. As explained 
in Chapter X, the earlier formed sheets of sea ice are frequently driven out by the autumn 
gales. The new ice subsequently formed under the influence of the colder temperatures 
of the winter hardens to a rigid sheet much more rapidly than that formed earlier id 
the year. 

While the above is the normal method of formation of sea ice on the open sea, 
growth frequently tjikes place outwards from a bank already consisting of ice formed 
of irregularly oriented grains, and here the tendency for the new crystals to place their 
axes parallel to the axes of the existing grains has to be considered. In this case, the 
course whitdi affairs will take can hardly be predicted. The result will depend largely 
on the relative amount of heat conducted to the ice at the side, and to the air, 
respectively, while the former of these will depend on the height to which the 
ice bank reaches above the water, and on the temperature of the ice. It will be safe 
to state that, in ice formed under such conditions, the orientation of the crystals will 
bo very irregular. 

Another point that has also to be considered in this connection is the instability 
of the normal flat crystal in water, owing to the lesser density of the ice composing it. 
Since the crystal formed from water usually takes a plate form, or at least a form in 
which the optic axis is developed but little in comparison with the axes at right angles 
to it, it is clear that such crystals standing “ edge on ” in the water are in a position 
of unstable equilibrium, and that the only position of stable equilibrium is where they 
are floating horizontally on the surface. Where, therefore, the first formed crystals 
are not attached to some object, but float freely on the surface, the orientation of the 
crystals must be with the optic axis vertical. It is also clear that, even if the first 
formed crystals are attached to an existing ice sheet, and lie with their optic axes parallel 
to the surface, the presence of the very sli^test amount of swell may be sufficient to 
detach them and permit them to float in equilibrium. It will, therefore, only be in 
the calmest weather or in narrow cracks and leads that the surface ice will be formed 
of crystals having their optic axes horizontal. 

F 3 
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Thougli single-plate crystals 



Fig. 27. — Frazil crystals of “ A shape. 


are in unstable equilibrium if floating “ edge on ” in 
tbe water, it is easy to imagine combinations of 
plate crystals wbich are in stable equilibrium when 
floating vertically upright. The most common ar- 
rangement of such individual plates is that shown in 
Fig. 27, that is, of “ A ” form in horizontal section. 

Another factor modifying crystal structure in 
sea ice will be furnished by the precipitation of a 
certain amount of snow or snow-drift on the surface 
of the water as it begins to freeze. This snow may 
be abeady in the form of plates, but more commonly 


will not. In any case, it is certain to complicate further the structure of the top layer 


of ice. 


With the idea of gaining more insight into the method of growth of ice, a number 
of samples of water, both fresh and salt, were frozen in small tin and glass dishes, and the 
process of ice formation observed as closely as possible. In these experiments, the 
samples of water were exposed under slightly different conditions in the pendulum 
cave, where the temperature varied from — 18° to — 25° C. During the periods of 
freezing the samples remained quite undisturbed. 

The first experiment was made on sea water enclosed in a deep covered tin, so that 
the cooling surface was formed by the shell of the tin rather than the water surface. 
The process of formation of the ice could not be watched in this case, in the course 
of two hours, the water surface had become covered with a soft fclt-likc mass 


1 inch thick, formed of plates about 1 inch diameter, of roughly pinnate or 
fan-shaped form. The greater number of these rested horizontally, but a certain 
number stood upright in the mass. These crystals had a thickness of about -jV inch, 
and were up to l-g- inches long. From the conditions under which their forma- 
tion took place, it is clear that this surface covering must have been formed 
largely from flat crystals, which either separated out in the mass of the 
water, or were detached from the side to float upwards and lie horizontally on the 
surface. 


When, in subsequent experiments, the sea water was contained in a wide, shallow, 
and uncovered tin dish, the actual process of growth was easily watched (Plate LXXIII). 
In this case, the first crystals of ice appeared very suddenly on the bottom of the dish 
by the formation of radiating fan-shaped forms (Plate LXXIV), similar in shape to those 
observed on the inner surface of an inner glass window pane (see Plate LX). 
The next step was the formation of ice needles on the upper surface of the 
water, these growing outwards from the walls of the dish. These first surface crystals 
looked from above like long thin needles shooting out towards the centre of the pan. 
The apparently needle-shaped crystals then grew downwards very quickly, first along 
the side of the pan and then outwards from the nucleus of ice thus formed and downwards 
from the surface, so that in a very short time a long thin plate was formed. These 
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plates had a depth of inch, and stood perpendicular to the surface, as shown in Fig. 28. 
Simultaneously with this growth, the 
spaces between the long crystals were 
being filled in by flat crystals lying 
parallel to the surface. In the course 
of time these grew to a length of f inch, 
and became underlaid by other similar 
plates. Though the greater number 
of the vertical plates started from the 
edge of the pan and grew inwards 
roughly towards the centre, still there 
were a large number of quite detached ones standing in the midst of the mass of 
smaller horizontal plates, while occasionally they could be seen growing outwards at 
angles approaching 90 degrees from earlier formed vertical plates. By the time the 
thickness of the horizontal plates had reached about' ^ inch, the vertical-lying plates 
had reached a depth of 1 inch. If the pan was disturbed at this stage, the felted 
surface moved easily in waves with a motion similar to that which would be produced 
in water itself. 

The extreme flexibility of the ice sheet formed from sea water is due to the mother 
liquor of conc^entrated salt solution, entangled between the crystals which are them- 
selves fresh. T’his still remains liquid even at a very low temperature, so that the 
individual crystals remain separated from one another by films of brine solution. 

Wlion tlio water in the flat pans is fresh, the method of formation seems to be 
exactly analogous, and the only difference — except in the degree of rigidity of the cover- 
ing — ivS that the individual crystals appear to be slightly smaller than in the case of 
sea water. 

It is unfortunate that the opportunity was not taken of studying the manner of 
foi’ination under less rigorous temperature conditions. In the pendulum cave, with the 
small vessels at our disposal, the freezing proceeded at such a rate as to prevent a proper 
study of the actual formation of the individual plates. Fig. 29 shows a drawing of one 
of the. single freely-floating plates formed in a wooden 
bucket of sea water at an air temperature but slightly 
below freezing-point. 

TJie reason the individual crystals can be dis- 
tinguished from one another during the process of 
growth is due partly to total reflection of the 
incident light at the boundary between ice and water, 
and partly to the greater transparency of crystals in 
directions perpendicular to the optic axis. 

One of the most striking features of the upper 
surface of ice formed in this way is its irregularity. 

The surface is elevated over the thin vertical plates by an amount which is probably 

p 4 




Fig. 28. — Growth oi ico crystals from walls of pan 
containing freezing water. 
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only about ^ inch, but which is quite sufficient to be detected in reflected light. 
Attempts were made to record the form of these crystals by taking a rubbing, but 
the changes of slope were so gradual that our efforts were only partly successful 
(Plate LXXV). It would seem, in fact, as if the surface irregularities were due to 
subsequent changes, such as the different expansion coefficients in the different axial 
directions of the completed crystal, though possibly the freezing of the cryohydrates 
enmeshed between the crystals may have contributed to the result. 

From what has been seen of the method of growth of the crystals at the time of 
first formation, it is clear that all contiguous individual plates having optic axes pointing 
in the same direction cohere to form one crystal grain. The completed crystal grain 
may, therefore, be regarded as formed of a great number of parallel plates of ice. These 
are separated from one another by saline solution, if formed from sea water, while the 
large crystal grains are again separated from one another by a still larger amount of 
brine. 

Our observations on the mode of first formation of sea ice are in general agreement 
with those made on the mode of formation from sea water frozen in small dishes. 
Observations on the freezing sea can, however, only be made under certain favourable 
conditions, and the mode of formation of the ice must be partly inferred from its 
subsequently observed structure. 

The case of sea ice forming in a crack, such as is caused by contraction of the ice 
sheet on the advent of low temperature, is particularly interesting. Here, tlie ice at the 
boundary of the crack is cold. The crystals, therefore, commence to grow outward 
from each side of the crack along the water surface, in the form of long, vertical-lying 
plates which may meet in the centre from the opposite sides of the crack, if the latter is 
sufficiently narrow. These thicken and deepen, and take a roughly triangular form, w'hile 
at the same time the spaces between become filled with the smaller liorizontally-lying 
crystals (Fig. 30). Owing to the difference in transparency along different axes, the 
portions formed in the latter way are a whitish colour, while the former crystals, fan- 
shaped in section, show the same black colour as the sea 
below. The photograph shown in Plate LXXVI illustrates 
admirably the difference in transparency of the different 
crystals.* Quite commonly, the triangular black plates 
on the surface reach a length of 6 or 8 inches, and have 
a width of 3 or 4 inches at the base of the triangle. 

In certain cases, a similar structure may occur far 
from land, and of this a good example was seen in the 
bay between Hut Point and Cape Armitage when it froze 
over in March, 1911. Here the surface of the sea was mottled with small patches of 
alternately light and dark ice 1 inch to 7 or 8 inches long, very often of the same wedge 
shape as seen in ice formed in narrow leads. That they are formed in somewhat the 
same way can hardly be doubted, since whole stretches some square yards in area 
* Posflibly due to the inclusion of air or cryohydrates between the plates. 



Fig< 30. — ^Horizontal aeotion of 
a type of sea ice. 


88 



frequently occur where the wedge shape is developed almost exactly as in 
Plate LXXVI. In general, however, the wedges are not so well defined and are 
smaller in size. 

From the meteorological notes made at Hut Point (March 22) during the period 
of formation of this ice, it seems clear that the ice formed in fairly cold calm weather 
without disturbance from wind or swell, and was therefore formed under conditions 
somewhat analogous to those which obtain during the formation of ice on open leads. 
When, on the other hand, a slight wind or swell, possibly with fallmg snow or drift, 
occurs at the time of formation of tlie ice, the crystals are not able to remain in a 
vertical position. In this case, the upper portion of the ice is built up of horizontal 
plates with all optic axes vertical. This surface layer may have a thickness of 1 or 2 
inches, but fxirther growtli from below is by the addition of vertically-lying plates, the 
interspaces between these being filled with 
horizontal-lying plates as in Fig. JM. 

I’hat the growth of the sea ice even at a 
depth of 8 feet proceeds in the same way is 
shown both by the structure of the ice at this 
deptli, and by the occurrence of the form 
shown in Plate LXXVIl on the under side of the ice. Between the projections 
shown in the photograph, which take the form of blades, there were originally a few 
loose crystals, but so loosely packed were these that they fell out when the ice block 
was removed from the sea.* ( )n examination, all the projecting blades were seen to 
have their optic axes lying approximately liorizontal. These blades may be traced 
upwards several inches into the mass by reason of tlieir greater transparency. 

It is the occurrence of the wedges formed of numbers of plates lying vertically that 
gives to the sea ic^c its characteristic fibrous stnujture, since the wedges, though generally 
small and not necessarily of uniform section, have a much greater depth than width. 
The sheet, though described as fibrous, is not formed of bundles of rods, bub of bundles 
of plates of roughly quadrilateral form and with sides of unequal size. The dispropor- 
tionality in lengbli between the different sides of the quadrilaterals is often as much as 
ten to one, the sides of greater length being vertical. An examination in vertical section 
of the upper 4 inches of the usual type of sea ice, shows, in fact, that the upper portion, 
■1 inch or so, is also fibrous if the term is used in its former sense. The fibres are here 
plates arranged horizontally, and therefore perpendicular to the plates below. The 
latter structure is continued down to the greatest depth the ice attains in Antarctic 
latitudes (Figs. 32 a and 32n, I^lates LVII, LVIII, LXIV and LXV). 

One of the most striking features in connection with the formation of sea ice under 
normal conditions, is the large amount of foreign matter which is entangled between 
the large crystals, as well as between the individual plates of which these crystals are 
formed. This foreign matter consists of dissolved salt present in the sea water, and also 
air which was dissolved in the water. It is owing to the concentration of these two 

A few of the blades have been broken off in order to gain sufficient contrast for the photograph. 
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t^es of foreign material between the crystals that one is so well able to see the structure 
of the ice. The vertical streams and planes of bubbles, in particular, emphasize the 
nbrous structure peculiar to this form of ice. 

lae occurrence of the salt included between the planes and along the crystal 
boun^nes is also of peouhar help in the study of the structure, for, as already pointed 
out, the presence of salt lowers the temperature at which the ice is able to melt. If 
a btek of sea ice is therefore kept at a temperature above the cryohydric temperature 
of the sodium chloride wMoh is the chief saline constituent of sea water, the salt cannot 
now re^m m the solid phase, and is therefore able to drain slowly away. As the 
result of this action, the crystals become separated from one another, and, after a time 
ependent upon the size of the sample and on the temperature to which it has been 

exposed, the block of ice may become so loosely coherent as to crumble into its 
constituent nbrous crystals when touched. 


It M no doubt also the local concentration of the salt in vertical planes that gives 
0 sea ice its peo^ar fracture. Even at the lowest temperatures the fracture takes 
pace m a v^oal plane, so that a simple method is at once avaiUble for finding the 
direction of the plane of flotation at the time of formation of the ice 
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little ,nd ^ expenenced by sea ice after its first formation we know 

little and certanly no distmctive difference could be noted in the structure of 

samples taken from the same depth at different periods of the winter The greatest 

Chang® seem to be surfe^ on®, due partly no doubt to a wandering of the exce® salt 

portion 01 the snow covering into ice. 

doPs^nT of tt® ice in the first stag® 

does not apparentiy change greatly. Owing, howev®. to the higher temperatme 

tw = fibr® ^ able to move almost independently of one anoth®. Thus it happens 
^ea ice jMt before its dmppearan® is far from safe underfoot, even when its toiplL.. 

belt!^nd to aoHd i®. In gen®al, sea i® do® not melt evenly from 

below and thm uneven melting is undoubtedly due to the fact that the indu^on d 

S i® “ somewhat sporadic in character, patch® 

of 1® poor and nch m salt being formed side by side. The Under side of tk! ice at 
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this stage is therefore seamed with vertical holes from an inch or two up to 8 inch^ in 
diameter and from 1 foot to 2 feet in depth. It seems very likely that the holes correspond 
in position to those fibres ” which were particularly rich in salt and, from the mode 
of formation of the ice, it appears probable that the more saline and therefore more 
easily decomposed “ fibres ” are those built up of crystals lying horizontal or irregularly 
oriented. 

Pond Ice. 

The initial stages of the formation of ice on ponds of fresh water, or of salt water, 
differ little from the modes of formation of sea ice in confined spaces. The growth 
first proceeds outwards from the shores, by the formation of long needle-shaped crystals 
which may be straight or only slightly curved. These needles are the visible upper 
edges of long plate crystals, either lying in vertical planes, or in planes slightly inclined 
to the vertical (Fig. 28). As in the formation of sea ice in lanes, the plates 
grow in length, in depth, and also in thickness by the addition of other plates lying 
parallel to the first. In the spaces left inside the resultant lattice-like formation, 
other plates form and grow in thickness, with the difference that here the plates generally 
lie parallel to the surface, and therefore the optic axis is directed vertically upwards. 
Since, in general, the mechanical movement of the water is less than in the sea, the 
arrangement and size of the crystals is more regular than in ice forming on the latter. 
It is, indeed, clear tluit the relative areas of ice formed from veitical-lying plates and 
ice formed from horizontal-lying plates must be some complicated function of the 
temperature and the amount of movement. If the water is undisturbed, the tendency 
is always towards the formation of vertically-disposed plates in preponderating amount. 
The sti’ucture is also clearly dependent on the area of the pond. 

'!llhis process is almost exactly the same as that occurring on the surface of fmezing 
.sea water, and it seems clear therefore that the actual presence or absence of dissolved 
salt lias little to do with the method of first-growth of ice. It is in the subsequent 
growth of, the pond ice that the greatest differences are observed. Once the first thin 
sheet of ice completely covers the pond, any further change from water to ice involves 
an increase of volume, so that the subsequent growth must take place under pressure, 
directed normally against the bottom, sides, and top of the pond. This pressure can 
be relieved only by fracture or by bowing of the ice sheet. That pressure actually 
occurs in such ponds is shown by the miniature fountain of water which rises through 
any hole made in the ice slieet covering them. Since the growth of the ice is itself 
the cause of tlio development of pressure, it is clear that this pressure will increase as 
the ice thickens, unless the sheet is fractured. As the sheet of pond ice increases in 
thickness the pressure increase.s rapidly until it may become very great indeed, while 
only locally does the pressure at the lower surface of sea ice exceed the weight of the 
superincumbent ice. Even in land-locked bays and along an irregular coastline where 
the sea ice is prevented from rising and falling freely with the tides, the pressure will 
seldom be greater than that of a column of sea water equal in thickness to the ice. Water 
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may often be observed to overflow through tideoracks in sea ice, but it will always 
be seen to do so gently. 

Actually what is observed in the case of pond ice, whether fresh or salt, is that, 
after the formation of the first thin ice-covering, growth apparently takes place by 
the addition of plates with their planes horizontal or inclined at small angles to the 
horizon — that is with the optic axis vertical, or almost so. It is difficult to explain 
why this fact should lead to regularity in the cross-section of the prism-like crystals 
which often result, but this regularity is confirmed by many observations, and is a 
remarkable feature, particularly in the ice of Antarctic lakes, though it is possible this 
is brought about by a subsequent change.* 

The difference between sea ice and lake ice is therefore one which is only made 
evident when the ice has reached a thickness of half an inch or more, and the similarity 
of the structure of ice formed on brine pools to that formed on fresh- water lakes shows 
that this difierence is not due to the dissolved salt in the liquid. 

Sea ice we have already described as fibrous, on account of the fact that it fractures 
easily in directions perpendicular to the plane of flotation. Though, in the case of pond 
ice, the great majority of the plates making up the individual crystals are oriented 
so that they lie in a plane perpendicular to that occupied by the similar plates in sea ice, 
the fracture is also vertical, if the ice contains sufficient salt between the crystal 
boundaries. Pond ice formed on salt lakes can therefore be truly described as “ fibrous.” 
This term, however, cannot be applied to ice sheets formed on fresh-water ponds, since 
the amount of salt is here, except in rare cases, insufficient to facilitate fracture along 
the crystal boundaries rather than fracture in any other direction. In the Antarctic, 
however, really fresh water is not common in ponds, so that the term “ fibrous ” may 
be applied to pond ice in the majority of cases. 

It is a matter of common knowledge that the fascinating form of ice known to us 
in our youth as “ rubber-ice,” owes its properties to the inclusion of small amounts of 
cryohydrate at the crystal boundaries. This cryohydrate is liquid at high temperatures, 
and thus allows a certain degree of motion between the individual crystals. The 
“ rubbery ” condition of the ice is best developed in warm weather when the ice is in 
process of melting, and under such conditions it can be broken up into long cylinders 
of polygonal cross-section which lie perpendicular to the plane of flotation. 

The foregoing discussion should make clear the essential difference between sea ice 
and ice formed from salt water under pond conditions, and between the latter and 
fresh ice formed under similar conditions. These differences may be summed up in a 
few words as follows : — 

The first layer of ice formed in ponds, whether the water be salt or fresh, differs 
from the first layer formed on the surface of the open sea, solely in that the growth is, 
in the former case, predominantly from the sides, which act as points of support for 
the framework of crystals. Thus, in pond ice, the first formed crystals are more 
regularly disposed and are larger than those of surface sea ice. All ice formed in ponds 

* Pressure changes, for example. (Titfe Chapter IV.) 
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after this first coherent sheet is completed grows under increasing pressure, and the 
crystals ultimately have their optic axes arranged vertically. In sea ice, on the contrary, 
the majority of crystals, except in the surface layer, which is subject to wave agitation 
and where therefore the crystals are irregularly disposed, have their optic axes directed 
horizontally. The essential difierence between pond ice formed from brine and that 
formed from fresh water lies in the amount of salt included between the crystals and 
between the individual elementary plates which go to make up a single crystal. The 
outward and visible sign of salt ice is a readiness to top of pond 

fracture along these boundaries of weakness. 

It is in clear pond ice that one sees best another 
indication of structure in ice crystals formed from water. 

In a vertical section of clear pond ice an inch thick, it is 
often possible to recognise a number of very fine lines, 
usually not absolutely straight, running in a direction 
perpendicular to the plane of flotation. The significance ing. 34.--st.niot\iroinpondioe. 

of these lines does not appear quite clear, but obviously it is in some way connected 
with the formation of the ice from horizontally-lying plates. (See Fig. 34.) 

An example has already been cited to show how the ice formed on almost fresh- 
water ponds may occasionally break up into individual prisms. Much more striking, 
however, arc certain analogous forms associated with the formation of ponds and lakes 
on snow-covered glacier surfaces. These snow-filled depressions are frequently filled 
with water ; later the wfiter is allowed to drain away, sometimes by the breaking 
tlown of an ice dam, more frequently by the formation of a crevasse. If the temperature 
is sufficiently low when the depression is first flooded, a sheet of ice forms on the surface, 
consisting of clear vertically-directed prisms separated from one another by boundaries 
containing a very large amount of air. As the water surface slowly subsides, the clear 
prisms grow downwards and the air entangled with the snow is still segregated in the 
boundaries between them. Quite c.onunonly, prisms formed in this manner may have 
a diameter of 2 or 3 inches and a length up to 2 feet. The prisms, however, are never 
of constant cross-section. At times, this structure of ice possesses quite a level upper 
surface and forms a good surface underfoot.* On the other hand, a great deal of this 
t-ype of i(;e cjonsists of irregular sharp ice columns separated from one another by spaces 
of 3 or 4 inches which originally contained the segregated air. This form of surface 
received the name of “ bottle-glass ’* ice, chiefly because the columns are sufficiently 
shiU'p to cut. 

I OK Formed on SrrRTSAMS. 

Tlie method of formation of ice-coverings on streams is almost exactly analogous 
to that on ponds or lakes. The first thin covering is by long fan-shaped plates lying 
perpendicular to the surface, the interspaces between these being afterwards filled 

* They have actually been uaed as camping spots, owing to the evenness of the surface in comparison 
with the general roughness of the glacier surface where covered with ablation pits. 
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ill by borizontal-lying plates. Owing, however, to the movement of the running 
water, the vertical plates are unable to grow undisturbed, and do not reach the size 
they attain on the surface of ponds. The same movement of the stream is also responsible 
for retarding the growth outwards from the banks, since the newly-forming plates 
are liable to be swept away by the stream. As in the case of pond ice, subsequent 
growth proceeds largely by the addition of horizontal-lying plates to the lower surface 
of the sheet, but the growth is never so regular and the “ fibrous ” quality of the ice 
is much less pronounced. 

In the ordinary brook, in which the stream velocity varies from place to place, 
the rate of freezing also varies in such manner that the brook remains open longest 
where the stream velocity is highest. This is due largely to the meclianical action of 
the current which has been mentioned. The small plates forming in swift water are 
carried down with the current to positions of lesser stream-velocity, and are there 
deposited to add to the ice-covering. Though, no doubt, a certain fraction of the ice 
deposited in quiet portions of the stream is due to the addition of plates torn off in this way 
higher up, and yet more to those formed in situ, still, when falls and rapids exist, the major 
part of the ice must be formed as frazil crystals caused by the quick cooling of the 
water by mixture with cold air. At times, the amount of this frazil-ice is so great that 
the stream may become completely blocked at certain points, with the result that the 
upper surface of the ice becomes flooded by the downflowing water. The ice sheet 
then increases both from above and below. In all such cases, the stnicturc of the ice 
is obviously very complicated. 

Mention has already been made of the form assumed by the sur facto ice of such 
streams when the water drains away and leaves the ice sheet attached to the banks 
and sagging under its own weight. Another interesting formation which is probably 
best treated in this section is quite commonly found on the underside of such curved 
sheets. As the water drains slowly away from underneath the ice covering, it may 
remain in contact with certain portions of the latter after an air gap has been formed 
everywhere else. If the process of draining is afterwards sufficiently slow, the ice may 
continue to grow at this point, though once an air-gap between the ice sheet and the 
water has developed, the small tliermal conductivity of air puts a stop to tlie formation 
of a second complete ice sheet on the water surface. Meanwhile, conduction through 
the ice near the line of contact between ice and water permits further ice growth at this 
line, so long as the rate at which the water sinks from the ice sheet does not exceed the 
speed at which the ice grows downwards. If the sinking of the stream level is stayed 
altogether for a period — ^for instance, by a spell of comparatively warm weather — the 
local growth will continue, not only downwards, but also in a lateral direction. In 
the course of time, an ice pillar of greater or less thickness may be formed with local 
annular projections corresponding to the pauses in the general sinking of the water 
level. Finally, when all the water has drained away, the ice sheet remains supported, 
partly by the banks and partly by these ice columns which occur at irregular intervals 
throughout the course of the stream (Plate LXXVIII). 

94 .; 



Icicles. 

The formation of icicles in the Antarctic is similar to their formation in temperate 
regions. Two conditions are therefore necessary before icicles can appear : First, 
water must be present ; and second, at the point where icicles form, the temperature 
must be low enough to cause a portion of this water to assume the solid phase. Since 
the formation of water argues a high local temperature, it follows that the source from 
which the water is derived cannot become the ^oint d*appui of the icicle, though 
alternations of direct sunlight and shade may produce icicles from water which has 
not travelled very far. 

Three essentially different methods of formation may be clearly distinguished : — 

(1) From fresh water (Plates LXXIX and LXXX) — 

(a) From water formed by the sun’s action on clear ice. 

(b) From water formed by the heating effect of rock or silt on fresh ice. 

(2) l^rom sea water. 

(3) By the addition of drift snow to brine-tipped icicles of Type (2). 

1. Icicles fortned from Fresh Water. 

This method may be called the normal one. As the water trickles slowly down to 
fall on the ground below, a certain proportion is solidified, and the projection increases 
in thickness, and grows downwards in the shape of an inverted cone. 

Once the icicles are formed, they grow in thickness and in length whenever the 
meteorological conditions are favourable, until finally the weight of the mass overcomes 
its cohesion, or (more commonly) the cohesion of the ice or snow projection from which 
it depcTids. In the first c^ase, the icicle itself will break somewhere near its top ; and, in 
the second case, as more usually happens, it will break off a portion of its foundation. 
A transverse force is always a more effective agent of destruction than a longitudinal 
force, and, after a strong gusty wind, any exposed and yet shady portion of the 
Antarctic coast may be seen in summer to be strewn with the remains of icicles which 
have given way under the impact of the gusts. Very commonly, the base of the icicle 
is supported by a projection which is close to the ground. The icicle then advances 
until it meets the stalagmitic growth which is rising from beneath to meet it. In this 
way, a pillar is formed which may grow until it is more than a foot in diameter. A good 
example of such a pillar is seen in Plate LXXXI, which shows an icicle which has grown 
down into the snow-drift resting on the sea ice at the foot of the glacier cliff from which 
the icicle is depending. A few days before the photograph was taken, horizontal 
movements of the sea ice to which the lower portion of the icicle was cemented had 
caused the latter to break in the middle, and the lower portion had been carried slightly 
away from the upper. 

The best case of such a series of icicle pillars is recorded from Butter Point, in 
1908. Here the snow cornice had sagged along the face of a low ice cliff, and the 
icicles which depended from it had been driven intp the snow-drifts at the base of the 
cliff. Movement of the cornice was then suspended for some time, and the icicles increased 
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in thickness and became firmly cemented to the drift. A few days elapsed and then 

the snow cornice once more began to sag, quickly in 
some places, more slowly in others. The quick 
movement naturally resulted in the wholesale de- 
struction of the icicles along considerable stretches of 
the ice face. Where movement was slow, on the 
other hand, the icicles adapted themselves most 
wonderfully to the new conditions, bending freely 
under the slow steady strain, until some of them 
had assumed the shape of a roughly-made letter S 
and others had been bowed into an excellent V 
(Plate LXXXII, Fig. 36). The result at the bend was 
commonly to flatten the section, as in a badly-bent piece of glass-tubing. 

The most favourable conditions for the formation of fresh-water icicles occur when 
the upper portion of an ice face is exposed to the direct rays of the sun, while the under- 
side of the projections from which the water drips is in shade. This is a conjunction of 
circumstances which occurs very commonly along the sides and ends of all glaciers, 
and on snow cornices in sheltered positions, so that in summer icicles of this type are 
very common. The effect of the presence of rock, silt or dark objects of any description 
is stni more marked, and, wherever such objects occur in, on, or around glaciers and 
snow-dnfts, icicles may be expected at one time or another. Often those found on the 
rooks themselves will be very evanescent, as, when the rock is directly exposed to the 
sun, the heat will be too great to permit their survival. 

The chief difference between icicles formed by methods 1 (a) and 1 (6) is that the latter 
type may occur, in the vicinity of rocks and other objects of dark colour, even in shade 
and at temperatures far below freezing-point, the place of direct; sunlight being taken 
by radiant heat emitted from the dark objects. 


2. /cicZes formed from Salt Water. 

The above method of growth may also occur if the water, or the ice from which 
the water is formed, contains a greater or less proportion of salt. In this case, the process 
consists chiefly in the abstraction of fresh water from the brine and its change into ice. 
A little of the salt, therefore, may be included in the upper portion of the icicle, but by 
far the greater amount will collect near to and at the tip. If the air temperature is 
only slightly below freezing-point and the growth of the icicle is thus fairly slow, the 
ice remains almost fresh and the tip may be almost as sharp as that of the typical fresli- 
water icicle (Plate LXXXIII). The concentrated brine at the tip of the icicle will 
remain unfrozen at any but very low temperatures, when it will solidify in the form 
of an opaque white patch which is found on examination to be a mixture of cryohydrates. 
The low freezing-point of this brine causes the icicle tip to remain moist for a considerable 
portion even of the Antarctic autumn and winter ; and this has a distinct significance 
when considered in relation to the formation of icicles of the third type. 
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Before going on to a description and explanation of this third type, there are one 
or two processes causing modification of icicle form which need to be mentioned. 

These modifications are introduced when the icicles form on surfaces which are 
either in reach of the direct laving of the sea, or within the reach of sea spray during 
gales. They have, therefore, especial reference to icicles formed along the Antarctic 
icefoot. Here we have to consider the effect of large quantities of salt water on 
icicle formation, and also of another factor of still greater importance, namely, the 
lowness of the air temperature at which such icicles are able to form. It will be seen 
from a mental review of the conditions, that these temperatures are only limited down- 
wards by the temperature range along the Antarctic coast in the presence of 
open water. 

Icicles formed under these conditions of low temperature and containing excessive 
amounts of salt water, will naturally be among the most common of Antarctic types, 
since they are not affected by any nice adjustment between air temperature and ice 
temperature, but may grow whenever the air temperature is low, that is for some eight 



Fig. 36. — Bulbous and rounded toiolos formed from 
salt water. 



Fig. 37 a. — B ulbous ioiolo formed from 
blown spray. 


months of the year. They are, as already hinted, less widely distributed than the 
other types, since they can only occur in immediate proximity to the sea. 

The most noticeable characteristic of such icicles, as opposed to the types already 
considered, is the fact that they do not end in a fine point, but more commonly have 
a rounded or even bulbous extremity, as in Big* 36 (Plates LXXXIV and LXXXV). 
This is due partly to the low temperature at which they are formed and partly to the 
large quantity of salt which enters into their composition. Two distinct modes of 
formation may also be recognised in this type of icicle : — 

(d) From sea spray which has been hurled far above the sea, and has then trickled 
down the rook or ice of the cliffs or icefoot lining the shore (Fig. 37a ; 
Plates LXXXVI and LXXXVII), and 

(h) By additions to icicles formed in either of the preceding ways, additions made 
either through the laving action of the waves, or by the rise and fall of the 
tide (Fig. 37b). 
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The chief difierences between the two sub-types will be considered in the section 
on the structure of icicles. They do not differ much in appearance to the naked eye, 
except in isolated cases. Two cases, however, do occur when icicles formed in the latter 
way are very easily recognisable. 

The first is seen when the icicle is formed either by the laving of an original icicle 
by tides, or by waves during the final phase of a blizzard, when the sea is subsiding. 
The shape of icicle formed in the first case can be gathered from Plate LXXXVIII. 

The second case occurs when a number of icicles depending from the undercut edge 
of an ice-foot form very close together, and are laved only by the highest spring tides. 
Here the whole series may be joined up, as often occurred at Cape Adare, by a miniature 
tidal platform a few inches thick, presenting an appearance which is shown diagram- 
matically in Fig. 38. 

The particular case where a composite icicle is formed was well seen at Cape Adare, 
and one result, where the icicles have grown significantly by the deposition of hoar- 
frost, is figured in Plate LXXXIX. There were numerous icicles along the Kidley 
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Fig. 38. — Icicles joined by a miniature tidal platform. 


Beach ice foot which had been formed after methods la, 16, or 2a, by the slow freezing 
of water dripping either from fresh or salt ice blocks. In either case, the result had 
been to form sharp-pointed icicles of black clear ice. Either through the agency of 
the spring tides, or through accretion of spray during the March blizzards, these icicles 
next became coated with a uniform layer of white, greasy-looking salt ice (formed 
under conditions of deposition such as occur along the icefoot under storm or tidal 
conditions). After the end of the storm, or at times of low tide, the normal fresh- water 
ice was again formed, and thus an icicle was built up which showed in section a number 
of concentric rings (Plate XC). 

Whatever the shape of icicles formed under either of these two conditions may be, 
the low temperature present at the time of formation of at least some layers will cause 
the inclusion in the ice of a large quantity of brine. • Whenever, therefore, the tempera- 
ture rises above the ciyohydrio temperature of any of the salts in this brine, that salt 
goes into solution in water obtained by the melting of a little of the ice in contact with 
it. Under the influence of gravity, the solution then slowly drains downwards through 
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the ice, until the brine is all collected at the lower end of the icicle. The tip will thus 
be kept moist, except when the temperature is low enough to form cryohydrates of 
(M the salts concerned. This form of icicle, therefore, as will be seen later, is eminently 
suited to form a basis for the inception of the third type. 

3. I cides formed hy the addition of Drift Snow to brine-tipped Icicles of Type 2. 

Prominence has been given in the earlier pages of this memoir to the fact 
that the strong, drift-bearing winds of the Antarctic are very usually accompanied 
by a relatively high temperature. 

In consequence of this high temperature, and of the processes described earlier 
in the chapter, it follows that in most blizzards all icicles formed from salt water will 
have moistened tips. The efteot of the impact of the drift against the moistened surfaces 
of such icicles will be self-evident. During each blizzard, the amount of snow added 
to the icicle by adhesion to the moistened tip will be regulated by the amount of brine 
available to soak through the new ice, and thus the growth of this form of icicle will 
be slow. After sucli succeeding blizzard in the autumn, winter and spring, low tem- 
peratures once more resume their sway, and so the seepage of the salt through the ice 
formed by addition of drift snow will be stUl more delayed. The action proceeds with 
every rise of temperature, however, and before a new wind springs up the chances are 
that the icicle will again have a moistened tip. Bach blizzard usually adds its quota 
of snow to the iciole, until the salt solution is so diluted that draining is almost 
imperceptible. 

The form of these drift icicles depends on the amount of shelter afforded by the 
position in which they have been formed, for this factor decides whether the wind 
will be constant in one direction, alternately from opposed directions, or from no 
particular direction. Three main types of shape may be distinguished accordingly. 

The first type (Plate XCI) is the most characteristic of all the Antarctic forms of 
icicle, and has been extensively figured in the records of ‘previous expeditions as the 
“ foot stalactite.” Such icicles are to be found along those portions of the icefoot 
which are only slightly sheltered from the wind, and where, therefore, the drift-bearing 
gales still keep their main direction, whether south-easterly, as is usually the case, 
or westerly, as occurs opposite the main outlet glaciers on the north coast. In such a 
position, the gale is extraordinarily steady in direction, and, the drift always striking 
the icicle from the same direction, the projection is built out in the form of a foot-like 
extension. The foot-form is naturally assumed, because the lowest portion of the 
icicle is the most moist and, on this level, the drift ice becomes soaked more quickly 
and more thoroughly. It is thus in each wind the last portion of the icicle to take up 
fresh additions. Good examples of these foot stalactites are to be seen on the right 
of Plate XCI. On the left, on the same plate, are seen examples of the stalactites we 
compared with ponies’ legs on account of the striking resemblance. They are caused 
in icicles which for any reason are excessively salt, by the drooping under its own weight 
of the toe of the foot as it gets soaked with brine. Unusually warm speUs, when the 
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-brine is able to take up a considerable quantity of water, as in direct sunlight in the 

eMfy spring, may cause the formation of icicles of Type 2, dependent from foot stalactites 
of Type 3 (a) (Plate XCI). 

The second ca^ of drift-icicle formation (Type 3 (b)) is to be seen wherever, as 
under a steep cliff like the end of Cape Adare, the lee is more perfect, so that the wind 
which is here normally E.8.E., blows now from this direction and then from the 
oppoate direction. On several of our sledging journeys, we had undoubted proof of a 
^ dirrotion of the wind which gave ns much trouble in our camping arrangements, 
ft to which caused us first to pay attention to the other phenomenon undoubtedly 
ue to the same cause. At two or three places where we camped, drift-bearing southerly 
^ts alteimted with drift-bearing northerly gusts, and here it was that the curiously 
shaped icicles which are figured in Plato XCII were formed. 

observed (Type 3 (c)) is figured in Plates 
liJtAXlV and XOm. In these cases, the lee was so perfect that the snow came from 
no particular Section but feU in an eddying swirl, and the icicles formed were, in 
consequence, often club-shaped, with a bulbous protuberance at their tips. Plate XCIII 
tows to t^e of bulb formed when to drift has free access to sharp icicles formed from 
^ray at a fairly high temperature, and which had, therefore, onlv a slight amount of 
^t m their composition. Plate XCIV, on to other hand, shows' the rougher, coarser 

tonelh T T tlieniaelves deposited quickly at low 

natoe of to d ^ ^ content. The flattish, forward-springing 

drift snow was deposited more at to front than at the back of to icicle. 

Structure of loides. 

toyocc’'to^vsW ‘ *''® Polo^cope. 

meir* of ve T ^he icicle is formed of I 

0 ^ W *7, and approtoiately circular grains, and this is surrounded 
y an outer layer of larger crystals whose average length is three times their width. 
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lig. 39b. loe grains in icicles (horizontal sootion). 
Natural Size. 


iMaturai isize. 

raZ -®® *t® are arranged in a 

cote, so tot to absence of any definite 

(^g. 40). ^ crystals appears ixiucli more pronounced 
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The crystalline structure of fresh- water icicles seems to vary considerably, as an 
examination of similar sections of other icicles frequently showed no si g ns of such a 
radial arrangement of the crystals. From evidence based on the manner of deposition 
of hoar-frost crystals on icicles, we have been led to the conclusion that the optic fl.Tris 
of such crystals usually points outwards from the centre in a radial direction, and is, 
therefore, approximately, perpendicular to the freezing surface at every point. 

Perhaps the period when icicles formed of pure clear ice are best examined with 
a view to the elucidation of their crystal structure, is when they are being gradually 
melted under the influence of direct sunlight. As is the case with glacier ice, the 
melting proceeds fastest in the boundaries between the individual crystals. The 

Fig. 40.— CJrains at tip of ioiolo (horizontal section). Fig. 41.— Qrains at tip of icicle (vortical section). 

Natural size. Natural size. 

structure is, therefore, emphasized by the film of water which separates them, and the 
radial structure of the icicle can then be seen very well. The best example of this was 
seen one summer at Butter Point. Here the icicles, in which the only sign of melting 
was the inception of a network of fine lines upon the surface, were so rotten that they 
could be crushed in the hand and the water literally wrung out of them. When such 
icicles were snapped across, the radial arrangement of the crystals was seen to be most 
pronounced. In this case, certainly, the radial habit continued right to the centre of 
the icicle, though it is of course possible that it might be a secondary structure due to 
molecular re-arrangement. 



Icefoot and Tidal Platform. 

Another important mode of formation of ice from water is exemplified by the growth 
of the icefoot during the autumn and winter. The formation of an icefoot by the 
freezing of sea water is somewhat analogous to the formation of sea ice, but it difiers 
from the latter by virtue of the fact that the main growth of the icefoot usually takes 
place at the surface, or above the surface, of the sea, and chiefly as the result of the laving 
action of tide or waves, or of spray carried by the wind. The structure of the icefoot 
therefore differs from that of sea ice, firstly through the inclusion of a greater amount 
of air, and secondly in the occurrence of much smaller and less regularly arranged 
crystals. It is not at all “ fibrous.” In fact, the structure of the ice in an icefoot 
approximates to that of glacier ice, from which it is readily distinguished, however, 
by the larger and more irregular inclusions of air, by its salinity, and often by a regular 
layered structure due to alternate immersion in and emersion from the waters of 
the sea. 
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This resemhlance to glacier ice is often increased during the course of the winter 
by a molecular change which takes places within the ice, which results in the inception 
of a granular structure much the same in size as that in the ice of the clear bands of an 
Antarctic glacier. This change has, unfortunately, not been studied in detail, but, 
at Cape Adare, a boulder which was known to consist of glacier ice covered with a 
foot or so of spray ice, in time developed in its outer layers curiously-shaped 
patches of clear bubble-free ice which, when subjected to the etching action of a gentle 
heat, proved to consist of grains of appearance identical with the glacier grains of the 
boulder beneath, though they far surpassed them in size. The formation of these 
clear patches was accompanied by the appearance of large druses several cubic inches 
in capacity containing a mixture of air and fine powdery ice. 

The method of formation and growth of the Antarctic icefoot will be treated more 
fully in Chapter IX. 

Glacier Ice. 

The distinguishing characteristic of ice crystals formed directly from water (with 
the possible exception of this last type) is best described as a tendency to angularity 
combined with regularity in shape. This results simply and logically from the tendency 
of ice to assume a plate form on separating out from freezing water. We may, in fact, 
look on ice formed in such a manner as simply built up of elementary plates oriented 
in appropriate directions. 

Quite different is the manner of formation of glacier ice which, in the Antarctic, 
takes place almost entirely by the growth and modification of fallen snow, which is 
nearly always formed in the absence of water. As a result of this we have found in 
typical Antarctic glacier ice no visible /orefoc^e streifen or other evidence of “ elementary 
plates ” within the glacier crystal, though it is clear that in more genial climates, 
where water occurs abundantly, the streifen are likely to be quite well marked. 
The framework of an Antarctic glacier crystal is not formed from individual plates, as 
in the case with crystals separating out from water, and it is not surprising that the 
angular character of the water-formed crystal is not duplicated m the completed glacier 
grain. The original deposit of snow may be either in the form of stars, plates, prisms, 
or irregular grains, though as a rule wind action or thaw may cause the majority of 
them to become fragmentary or shapeless before the gradual change to ice sets in. 
After precipitation, certain more favoured crystals (perhaps by accident of size, perhaps 
by accident of orientation) will grow at the expense of others. The form assumed by 
the completed crystal is roughly polygonal in section. 

The rate of change to ice is dependent on temperature, and thus the change may 
be completed in a few days in temperate climates, though requiring weeks for its com- 
pletion on such glaciers as the Ferrar in high southern latitudes. The extreme case 
that has come within our experience is that of the Ross Barrier, where the mean yearly 
temperature is about 16 ° below zero Fahrenheit.*'* The snow here has still a definitely 

* See Amundseii, ‘ The South Pole.’ 
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angular form some years after its deposition. Even more extreme temperatures are 
found on the plateau, the mean temperature in January, 1912, being not far from —20® F. 

In temperate climates, therefore, the result after quite a short time is the formation 
of a subangular polygonal grain such as is shown in section in Fig. 43, while in the 
Antarctic a short time has little or no effect and, even after a considerable lapse of 
time, the ice still exists in an incompletely crystalline form as shown in Plate LII. 
Quite commonly, the original crystals are segments of coarse hexagonal plates, but 
incomplete hollow pyramid forms are also common. 

After two years — ^that is, at a depth of about 2 feet on the Ross Barrier — ^the 
individuals still preserve this form, and almost one-half of the total bulk of the Barrier 
at this depth consists of air included between the individual crystals. These grains are 
of very irregular shape, but most surprising is the fact that, with all this air between the 
grains, the surface is often quite hard, so that it is very difiGicult to make any impression 
with the shovel. In a sfcill more frigid climate, as on the King Edward VII plateau 
at an elevation of 9000 feet, the change from snow to nM takes place even more slowly, 
and a note by Lieut. Bowers at the South Pole states that, For walking on foot, the 
ground is all pretty soft and, on digging down, the crystalline structure of the snow 
is found to alter very little and there are no layers of crust such as are found on the 
Barrier. The snow seems so lightly put together as not to cohere, and makes very 
little water for its bulk when melted.”* Hard did indeed occur on the crests of 
the greater undulations on the plateau, but these are the positions where the wind 
is able to exert its maximum force, and so to sweep away all the overlying snow and 
keep the same surface always exposed to the rays of the sun. 

Size of Glader Grains. 

Mention has been made that the rate of growth of certain crystals at the expense 
of others is dependent on the temperature, and that growth of the larger crystals 
takes place at the expense of the smaller ones. If this held good, whatever the size of 
the crystal, there would be no limit to the size these might attain. Observation 
makes it quite clear, however, that whatever the reason may be, there is a limit to 
the size attainable by the glacier grain, and that this limit varies for different 
situations. Examination in the polariscope of a number of sections cut from glacier 
ice is sufficient to show that there is a mean size of grain at any particular portion of the 
glacier, and that the grains in any one place are fairly constant in size. Very large and 
very small grains occur only rarely (Figs. 43-46). 

A certain amount of data has been gathered on the subject of the mean size of the 
glacier grain, but the observations are more qualitative than quantitative. 
J. Y. Buchanan has, for instance, made a number of observations on the size of the glacier 
grains in the Great Aletsch Glacier. The method he used was that of taking a block 
of glacier ice and exposing it to the action of the sun*s rays so that it became disarticulated 

♦ Another note states that a stick conld be easily pushed 6 feet into the snow. 
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into its constituent grains. The weight corresponding to a counted number of grains 
then gave the data for the determination of the mean weight of the grain. An analysis 
of his results is given in Table IV and shows, for this portion of the glacier, a mean weight 


Table IV. — Buchanan’s Kesults. 


Average weight of 
gram. 

Calculated diameter of 
average grain. 

Grms. 

Cm. In. 


4-0 = 1-6 

28*5 

3-9 = 1-76 


4-6 = 1-84 


6-9 = 2-36 

25-3 

3-7 = 1-48 

16-8 

3-2 = 1-28 

68-3 

4-9 = 1-96 

Mean 44 ■ 1 

4-5 = 1-8 


of 44*1 grams, corresponding to a mean diameter of 4*5 centimetres. These results 
must be only approximate, since two important sources of error enter into the calculation. 
These errors are : — 

(1) The loss from each grain by melting and evaporation during the disarticulation 

of the grains, and 

(2) The reduction iu the number of grains through the melting and overlooking 

of the smallest individuals. At first sight, it would appear that these two 
errors might neutralise one another, but it is probable that the second is 
much more important in its effects than the first. 

Other estimates of the mean size of the grain may be made from the figures and 
diagrams given in the various papers by R. M. Deeley, and in the publications of the 
Greenland Expedition under the leadership of E. von Drygalski. These results are 
best expressed in mean diameter of grain obtained by calculation from the total number 
of grains contained in a given area of the section.* They are set down in Tables V 
and VI. Finally, we have the estimates of the mean diameter of the glacier grains in 
sections taken from the Ferrar, Taylor, and Suess glaciers in the Antarctic. For the 
last measurements, the mean size of the grain is obtained, sometimes by simple estimation 
in the polariscope, but more commonly from actual diagrams made on the spot. In 
neither case can the results lay claim to any great degree of accuracy, but they cannot 
be far from the truth. The mean of all observations gives a diameter of inch, which 
is only half that recorded by Deeley and Fletcher. 

During the first western geological journey to the Ferrar Glacier region, a very 
great number of sections were made from glacier ice, with the object of determining 

* The area ■’of the section was measure-d directly by planimeter. 
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not only the mean size of the grain and its shape, but also the variations in size 
and shape of grains from different portions of the glacier. 


Table V. — ^Drygalski’s Results. 


— 

Area. 

Number of grains. 

Mean size of grain. 

AbbiUlung 42 

43 ; 

44 

45 

46 

47 

48 

49 

50 

Sq. cm. 

69-3 

7- 6 

12-9 

9-2 

21-0 

6-4 

6-8 

8- 1 

10-9 

]1 

3 

6 

16 

10 

8 

8 

7 

8 

Cm. In. 

2-3 = 1-0 

1-6 = 0-6 

1-6 = 0-6 

0- 75= 0-30 

1- 4 = 0-56 

0-9 = 0-36 

0- 85= 0-34 

1- 1= 0-44 

1-6 = 0-6 

Mean 1-32= 0-53 


Table V.T. — ^Fletcher and Deeley’s Results. 


— 

Area. 

Number of grains. 

Calculated mean size. 

t’iS. 1 

Sq. cm. 


Cm. 

In. 

68-6 

19 

1-9 = 

0-76 

M •«« 

39-8 

()3 

0-8 = 

0-32 

A. 

16-8 

40 

0-65=: 

0-26 

m 9i* ia* 

11-4 

14 

0-9 = 

0-36 


12-8 

17 

0-87= 

0-36 

ft«i «*• 

3-0 

3 

1-0 

0-40 




Mean l-02=i 

0-40 


As an illustration to show tlie order of differences found, an analysis is given of 
the observations made on tlie ice of the Suess Glacier, a former tributary of the Taylor 
Glacier which is shown in Fig. 42. On this figure are marked the positions from which 
the various sections were taken. All sections, unless otherwise denoted^ were taken 
from a depth in the ice of 8 inches, and, if from a vertical wall, at a height of 2 feet 
above the silt bottom. 

The following descriptions of the sections are taken from the field note book : — 

Section E (see Fig. 43). — Very many air bubbles— mostly pear-shaped. Grains 
all rounded and of irregular shape. 

Section (?.— Grains inch across on an average and very regular in size. Grains 

larger than in last section. Bubbles the same as in last section. 

Section D (see Fig. 44). — If anything, grains still larger and apparently more 
rugged or angular. Lines of bubbles here mark the position of a fine crack and also 
form the boundaries of the adjacent grains. Bubbles elongated with mayimuTn length 
three times the breadth. 
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section S (see IHg. 45). — Grains nmcli smaller. Cracks, marked by lines of 
bubbles, sometimes cut across grains and sometimes not. Average diameter of 

grains -j^ inch. Tbey are very regular 
in size and less angular than in the last 
section. 

Section 1. — Clearish ice. Grains 
are large (f inch), one reaching f inch 
in diameter. No discontinuity of the 
crystal boundaries at the line of bubbles 
representing old cracks. Most bubbles 
are circular. Sections from the white 
bubbly ice near by show grains of much 
smaller size. 

Section 2. — ^N4v6. Small and quite 
angular grains, the greatest being inch 
across. Bubbles never vary greatly from 
spherical shape. 

Section 3. — Dark glacier ice. Bub- 
bles evenly spaced, nearly spherical and 
larger inch). Grains on average 

i irregular in size 

and shape. 

Sectim 4. ^Most grains ^ inch in diameter, average f inch. Bubbles large and round. 
Boundaries of grains sub-angular, mostly rounded at the corners. 

Section 5.— Small |-inch grains, except those touching a few grains of sand. Here 
grains increased in size up to | inch. (Only the larger abutted on the silt.) 

Section 6.— Grains sub-angular, average diameter inch. Bubbles almost all 
circular. 

Section 7. ^Angles more rounded; otherwise same as last section. 

Section 8. Same as 7, but bubbles bigger and more irregular in shape and size. 
Section from surface of the ice. 







Figuies shoTring glacier graios. 



Fig. 46. 


Analysis of the above observations is not without interest. The mean size of the 
grain seems to be about to J inch, but the variations in the size of the grain 
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can seldom be referred to a definite cause. Tbis, however, is not the case in Sections 
1 to 3. These sections were taken from a portion of the glacier where the ice was a 
breccia of blue ice, grey bubbly ice, and n6v6, and had been formed, at least on the 
surface from which the sections were derived, by avalanche and drift snow further 
up the glacier. In this series of sections, the n6v6 was evidently of more recent formation 
than the greyish bubbly ice and still more recent than the clear blue ice. A comparison 
of these three sections thus afiords clear evidence that the glacier grain becomes larger 
as the air is expelled from the mass. There seems also to be a tendency towards greater 
angularity in the ri6v6 form. Section 5 is also of great interest, in that it shows 
how the size of the grain increases out of all proportion in the near presence of a few 
grains of sand. Whether this is due to the bathing of the crystal in water, as Drygalski 
maintains, or is due simply to the higher temperature brought about by radiation, 
must remain an open question. Finally, in Section D, we see that former cracks in 
the ice are shown up as lines of small bubbles, and that these same cracks here form 
the boundaries of the crystals. From Section S, on the other hand, we learn that some 
of the fossil cracks form the boundaries of the crystals, while others do not. This 
observation (noted also on other occasions) is of importance, in that it shows how the 
modification and growth of the grains continues at all times, so that a small fault may 
soon become cemented again, remaining visible in the (") 

section only as a plane of bubbly ice. (Fig. 46.) 

It has been clearly stated by Drygalski, though 
he has not given quantitative data, that in Greenland 
the size of the glacier grain is dependent on the 
altitude at whieii it is formed. Our observations 

encourage us to put this statement in a more concise boundariPs of grains, 

form. The mean glaider grain will be smaller the lower the mean annual temperature. 

1 II the particular case where the temperature rises to freezing-point and the mass is 
l)athe<l in water, the growth is exceptionally quick, and the mean size of the glacier 
grain significantly greater than that we have observed generally in the Antarctic. In 
fact, the largest glacier grain we have observed was hardly equal to a small walnut in 
size, while Drygalski reports that single grains in the warm summers of Greenland 
may reach double the size of a closed fist. The observations in the Ferrar Glacier 
region show a remarkable uniformity in size of the glacier grain in the grey bubbly 
ice and, quite frequently, a mean size twice as great in the bands and strata of clear 
ice which occur within the body of the glacier. The one merges gradually into the other, 
however, without the slightest discontinuity. This difference in size of the grains is 
very strong evidence in favour of the view that the clear ice is in many cases only normal 
glacier ice, which has been bathed in water and has in this way become freed from included 
air bubbles. It is certain, at least, that the ice under the lateral moraine of the Koettlitz 
Glacier is very frequently bathed in water, and here we find that the average diameter 
of the grains is no less than | inch. Glacier ice further north, in the Cape Adare region, 
is composed of grains of larger size than are found further south. 
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A favourable opportunity for studying the effect of water on the glacier grain is 
seen in the walls of crevasses which at one time or another have been water carriers. 
These are very numerous in the cliff face of some glaciers, and in all cases the ice which 
bounds them is of larger grain than elsewhere. 

Though, in general, we find that the size of the normal glacier grain varies only 
within narrow limits about a mean value, stiU there is one very striking case of abnormal 
variation. This takes the form of planes or inclusions containing swarms of grains in 
size very much smaller than their neighbours. These small grains are further distin- 
guished by considerably sharper angles, and approach quite closely to a polygonal 
section. From the position in which these aggregations are found, it is probable that they 
are to be referred to cracks and holes which have lately been filled with snow, so that 
the granular structure is only incompletely developed. They are usually characterised 
by a very high air content. 

Indusions of Air in Ice. 

The occurrence of air included in ice is of considerable impoitance as an 
aid in deducing, not only the method of formation of that ice, but also its subsequent 
history. The reason for this latter statement is clear, when we consider that the air 
present in snow-drifts before their change into ice is included, not within the crystals, 
but between them, and that by subsequent modifications the crystals grow in course 
of time so as to include the air cavities which once marked the boundaries between them. 

The best example known to us of the value of this included air as an indicator of 
past history, is provided by the fiUed-up crevasses which are elsewhere referred to. 
The vertical “ dykes ” of clear ice in Warning Glacier cutting through the ordinary 
laminated ice of the glacier, could have been formed in no other way than by the filling 
up of crevasses. Such a dyke is well figured in Plate XCV, while a sample of ice from 
a similar one is seen in Plate XCVI. 

It will be observed that the ice is quite clear, but for an opaque whitish line down 
the centre, and for long drawn-out air-tubes which run perpendicular to the sides of the 
dyke.” The conclusion forced upon the observer is that these dykes were originally 
formed by the growth of long prisms of ice from the sides of the crevasse, a method of 
growth which is only what one would expect. Corroboratory evidence of this method 
of formation of the clear ice comes from the glaciers of the Canadian Rockies, where 
Scherzer* describes these structures in process of formation and before the prisjns 
from either side have joined in the centre. In order to make certain that the aic-tubes 
did actually lie along such natural boundaries, a large piece of this ice was taken back 
to Cape Adare, and was there exposed to the gentle etching effect of the summer 
shade temperature, being placed in the loft of Borohgrevink’s deserted hut and left 
there for several days. At the close of this period the ice was examined, and the 
structure of the ice was found to be etched out on the surface of the block. The 
interesting feature of the eacperunent, however, lay in the fact that the structure bore 

* Sckerzer, * T3ie Glaciers of tte Canadian Kocklea.’ 
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no definite relation to the air-tubes but was granular in character. It was, in fact, 
similar to glacier ice that has been bathed in water. Two things struck the eye at 
once — first, the large size of the grain compared with the normal Antarctic glacier 
grain and, second, the long-drawn-out appearance of some of the grains. Clearly the 
structure was a secondary one which had gradually encroached from the glacier 
walls on either side of the dyke, but which had not entirely obliterated the original 
structure on which it was now superimposed. The mode of change is especially well 
seen at the dyke wall, where those grains of the glacier ice which were fractured when 
the crevasse formed have grown outwards so that the wall is no longer sharply marked 
by discontinuity of structure. 

Similar oases, where the presence of included air leads naturally to deductions as 
to the former history of the ice, are to be found in the ice which makes up the main 
body of a glacier. Let us cite, for example, a typical observation made on February 5, 
1911. Samples were taken on this day from different parts of the terminal face of the 
Suess Glacier, which is seamed with small cracks. Some of these cracks had again 
become closed, and were then visible as planes of bubbly ice contrasting sharply with 
more air-free ice on either side. When samples from certain of these fossil cracks 
were examined in the polariscope, it was found that, in some oases, the planes of bubbly 
ice were also planes of discontinuity of the crystals, as if an actual slip had taken place, 
while, in other cases, no such discontinuity of structure was to be seen. In these latter 
cases, tlie slip had evidently occurred so long ago that the glacier grains had become 
rearranged, so that the former plane of discontinuity would have been completely 
obliterated but for the presence of the bubbly ice (Fig. 46).* 

'riie amount of air included in the whole mass is also of considerable importance 
from the point of view of the origin of the ice, though the proportion of air to ice does 
not always vary in the direction one would expect at first sight. Thus, for instance, 
wc might expect that ice formed directly from the snow of a drift lying on a glacier 
surface would contain a much higher percentage of air than that formed by the freezing 
of water. 'iFhis is not necessarily true, however, as will be seen later, since the methods 
of change from snow to ice and water to ice vary so much with variations in the 
meteorological conditions. Thus, in the change of such a snow-drift into ice, the usual 
predominant direction of growth is upwards from the ice upon which the drift rests, so 
that the greater part of the air between the crystals is able to escape. 

This upward growth was well seen in the snow-drift into which the Northern Party 
dug the snow cave in which they spent the mpntias from March to September, 1912. 
This drift, as is usual in the Antarctic under similar conditions, had been converted in 
its lower portions into a snow-drift glacier, or gjacieret ; and, in their excavations, the 
party out across the junction between the snow and the ice, laying it bare for some 12 feet 
by 9 feet. It was then, seen that the junction was by no means even, little tongues of 
ice running up into the snow. Above the actual junction, which was quite definite, 

* Excellent examples of slip planes, made evident by lines of smaU crystals separating areas containing 
much larger ones, arc figured by R. M. Deeley (* Geol. Mag.,’ vol. 4s, December, 1907). 
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the ice gram decreased gradually in. size and became more nev6-like (that is, with the air 
located between the grains). This n6v6 again passed by imperceptible gradations into 
the typical stratified snow of the snow-drift. A section through the drift and the under- 
lying ^acieret is shown in Fig. 47. 

Most typical glacier ice includes air in the form of small bubbles which, though 
it is not suiS-cient in amount notably to diminish the density of the ice, is quite 
enough to give the ice a distinct whitish tinge similar to the colour of lightly- 
frosted glass (Plate XCVII). In the Antarctic, indeed, all our observations point 
to the fact that transparent ice free from bubbles is due to the presence of water either 



Fig. 47. 


at the time of formation of the ice or later. A breccia of bubbly glacier ice in air-free 
ice is shown in Plate XCVIII. 

In the cliff face of many of the glaciers which have come under our observation, 
bands and irregular areas of clear ice do occur, and their occurrence and method of 
formation are fully discussed in pp. 238-247, Chapter VII. 

One way in which thin bands of blue ice of great extent might be formed and 
afterwards incorporated in a glacier has once or twice been indicated during summer 
thaws we have seen. Both on the Ferrar, and to a less extent on the Priestley Glacier, 
considerable stretches of the surface have been seen to be literally bathed in water for 
a day or two at a time, and a distinct change in the colour of the ice (from the whitish 
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frosted appearance presented by bubbly ice, to the darker greenish-blue of compara- 
tively bubble-free ice) has been observed to accompany the thaw. In the cases which 
we have seen, it is improbable that this would have any permanent effect on the glacier, 
for it is likely that this surface ice would be completely removed by ablation before 
the next summer. If, however, we imagine a case when the summer temperature 
conditions remain much the same, but the snowfall is heavier and the glacier is increasing 
in thickness, it will be clear that the blue band produced by the process referred to above 
will have come to stay, and may later appear at the base of the glacier as a stratum 
of air-free ice. 

If we now turn to smaller areas of blue ice on or near the glacier surface, we find 
that such areas do occur in great number, and that, in all cases where their cause is 
definitely known, they are directly due to the effect of standing or running water. 
The great majority of such air-free areas of ice are to be found in the neighbourhood 
of rock, either the rock sides of the glacier valley, or the rook of moraines carried 
within, or on the glacier. It is impossible to make a day’s journey on the normal Antarctic 
valley glacier in summer without seeing such areas in process of formation, while in 
winter their origin is just as clearly betrayed by their position. 

A good example of such an area was seen near the lateral moraine of the Koettlitz 
Glacier. Here the ice is covered by a thin veneer of morainic material, and must con- 
tinually be subject to the influence of the thaw water formed in the summer. At 
the same time, it is protected by the same covering of rock from removal by ablation, 
and, therefore, is more persistent than in the cases before mentioned (Plate CXCIV). 

Possibly, however, the best examples of such small areas of clear ice are furnished by 
those cryoconite holes which have at one time definitely contained water, but which 
have been emptied slowly by the water draining away through cracks in the body of the 
glacier. A section through such an empty cryoconite hole (see Pig. 48) shows how, 
during the period when the hole was filled 
with water, this had percolated into the 
surrounding ice-mass (of identical structure 
with the glacier ice), and had filled up the 
space formerly occupied by the air bubbles. 

In the result, that portion of the ice which 
was close to the cryoconite hole had been 
completely transformed, to a depth of 
2 inches, into perfectly transparent ice. 

It is examples such as the foregoing 
which lend support to our view that many 
of the larger horizontal bands of air-free ice 
occurring in the Antarctic glaciers are formed by the action of water. The matter 
will, however, be more fully considered, and from a different point of view, in 
Chapter VII. 
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Ill the case of sheet ice formed directly on the surface of water, the amount of air 
present, and, therefore, the total amount included betw-een the boundaries of the 
crystals, is practically fixed. If, however, the conditions change in any manner during the 
period of formation of the ice, or if the water surface is disturbed, the crystal structure 
becomes irregular, and the available air may be unequally distributed. It is indeed 
probable that the air temperature at the time of formation of the surface ice, and, there- 
fore, the rate of freezing, has also something to do with the amount of entangled air. One 
case d:oes, however, occur in which the amount of included air is notably greater than 
usual. This is the case of the freezing of a pond in which the water has been partly or 
wholly filled with drift or fallen snow to form a slush-like mixture. A considerable 
quantity of air is usually entangled in the snow, and, once a layer of ice has formed over 
the, pool, this cannot escape, but must. be included in the body of the ice. 

Though, in the general casje, the amount of air included in the ice is dependent 
on that, which was present on.^its- first formation, there are particular cases in which 
subsequent changes can occur. These modifications may make either for an increase 
or a decrease in the proportion of air in the ice, and occasions in which the presence of 
water causes a decrease in air-content have already been cited. 

A change in the other direction also occurs in the surface ice of ponds or streams 
where, after the first formation of ice, the supporting water beneath has wholly or partly 
run ofE. The skin of ice in this case remains attached to the bank, and is curved, so 
that, at least at the sides, the ice is underlaid, not by water, but by air. Owing partly 
to the bowing of the ice covering whereby the individual crystals are sliglitly separated 
from each other, partly to changes of temperature and to draining action, and partly 
to the presence of a body of air beneath the ice, a much larger proportion of air is finally 
entangled between the crystals of the ice sheet. This action may proceed so far, indeed, 
that the crystals beome outlmed on the surface by very definite white lines of width 
from inch to ^ inch. The ice produced in this way we have called “ arabesque 
ice,” and it differs only in its mode of formation from the type referred to in the 
Shackleton Memoir as prismatic ice.’ * It is quite commonly found at the edges of 
ponds which contain air below the surface ice, and which ring hollow to the blow of an 
ice-axe (Plate XCIX). 

The form of the air bubble is dependent very largely on the method of formation 
of the ice, except in those rare cases when the bubble is formed in the ice at a later 
date. Thus, in the case of the ice formed on the surface of a confined body of water, 
whether salt or fresh, we have to deal with two different types of bubble. Bubbles 
approaching a spherical or elliptical shape occur within the body of the crystals, 
but a much greater proportion of the included air is squeezed out between 
the crystal boundaries in the form of tubes. The diameter of these vertical tubes 

may be anything up to inchj and their length may . vary from less than J inch 
to 2 inches. 

Biitish Ajit. Ex., 1907—9, vol. i, ‘ Geology,’ David and Priestley, 
t footnote to p. 76. 



Both Drygalski and Mawson have drawn attention to the fact that the air tubes 
occurring between the crystals of lake and pond ice are usually hexagonal in horizontal 
cross-section. This is only to be expected from their occurrence at the crystal boundaries, 
and has been borne out by our own observations. 

Quite commonly, those ponds which are completely frozen to the bottom contain 
bubbles of significantly greater diameter, and these are riot filled completely with air, but 
with a mixture of air and granular ice exactly similar to some types of snow. These are the 
druses of the Shackleton Memoir.* "Where the quantity of air is particularly large, as 
in the arabesque ice referred to above, it is no longer concentrated in threads, but shares 
the whole of the bounding planes between the crystals with this granular snowy deposit. 

The presence of this sno\vy deposit within bubbles, and other air spaces within the 
ice, is best explained by reference to the changes of temperature which take place during 
the life-history of the ice. The temperature of the ice when first formed is, of course, in 
the case of ice formed from fresh water, 32° F. If we then imagine a fall of temperature 
of many degrees such as must take place on the approach of winter, the obvious result is 
the deposition of a certain amount of the moisture held in the air within the bubbles 
at the higher temperature. This deposition takes place apparently in the form of 
minute crystals on any prominences in the ice walls of the bubble, and, for some reason 
connected with the conditions within the bubble, the ablation which coincides with the 
next rise of temperature takes effect mostly on the ice of the walls and not on the fresh 
snow. An infinite number of small temperature changes within the bubble results, 
finally, in the growth of a significant deposit of finely-granular ice. 

A curious type of bubble formation is seen in the ice of lakes whose bottom is covered 
with decaying vegetable matter, as, for instance, alga. The decay of this alga continues 
even after the surface of the lake has become frozen, and the gas generated during decay 
forms in bubbles which rise at intervals to the under surface of the ice. As the ice sheet 


thickens, the bubbles are frozen in, and, finally, 

tlie presence of the mass of decaying matter is 
indicated by a whole series of bubbles frozen into 
the ice above. The actual form of these bubbles 
is shown in section in Fig. 49. They are roughly of 

elliptical section and they increase in size as the _ 

depth increases. Like other types of air bubbles 

and tubes, tliey may contain a little of the ice ' ' 

powder before mentioned. The reason for the 

increase in size of the bubbles of this type with ' ' 

depth, is, undoubtedly, to be found in the rate of 49 .-siiowing method of formation of 

formation of the ice. The decay of the vegetable bubblee in ieo tUxe to tlecaying vegetable 

'' ° . matter. 

matter will naturally proceed at an almost uniform 

rate, and the gas will be given off as a constant stream of minute bubbles which will 
rise to the surface immediately above the decaying plant, and will there collect in 
* British Antarctio Expedition, 1907-9. Vol. I. ‘ Geology.’ David and Priestley. 


Tig. 49. — Showing method of formation of 
bubblee in ieo thxe to tlecaying vegetable 


matter. 
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larger masses. If the ice is forming comparatively quickly, as it is in the upper layers, 
only a few of these bubbles will be able to join up before the resultant air-body is 
surrounded and frozen in. As the ice becomes thicker and its formation therefore 
becomes slower, the bubbles frozen in will naturally increase in size (Plate C). 

Of unknown significance is an observation 
made on February 23, 1911. About noon 
on this day, on the route up the Koettlitz 
Glacier, a frozen stream was seen which was 
about 30 inches in width (shown in plan 
in Fig. 60), the centre of the stream being 
depressed about 1 foot below the bank 
Towards the centre of this stream occuiTed 
numbers of drawn-out bubbles, and these 
were about ^ inch across, with an average length of 1 inch, and were separated 
from each other by spaces of about 2 inches. They were commonly arranged almost 
end to end, in lines roughly parallel to the stream banks, so that they followed the 
original lines of flow in the unfrozen stream. 



F^g. 60 . — Linos of bubbles in a frozen stream. 


From the above discussion of the form of bubbles occurring in icc formed directly 
from water, it will be seen that the tendency is towards the formation of elongated 
bubbles, or strings of bubbles of quite considerable size. The case with ice formed 
directly from snow is, however, quite different. In this ice, the bubbles are never 
large — in general, less than inch in diameter — ^while the general form is 

spherical. They are also arranged in a haphazard fashion throughout the ice and, 
after the change from n6v6 to ice is accomplished, they are quite independent of the 
position of the crystal boundaries. Glacier ice, therefore, instead of being transparent 
in patches, as is fresh-water ice on ponds, is everywhere translucent for layers of ice 
more than an inch thick. This ice, instead of being black like the fresh-water ice of 
lakes and ponds, is almost as white as the ice formed by the freezing of a mixture of 
snow and water. The light colour is evidently due to the light reflected from the ice-air 
surfaces within the ice.. 

It is, however, easy to see that air will be locally present wherever fine cracks have 
been formed by contraction on decrease of temperature, or from movements within the 
ice, since, even if the cracks close once more, they will not do so exactly. A certain 
amount of air is thus imprisoned in a plane which may run in any direction from vertical 
to horizontal. Where these planes cut the glacier surface or glacier front they will 
invariably show up as fine lines of bubbles running continuously, sometimes for 
considerable distances. 

Mention should be made of the fact that the first sign of a thaw on a glacier 
surface is the sizzling sound due to the escape of the bubbles in the ice through the 
water-film on the surface. Quite evidently this air is included in the ice under pressure 
(at least at melting temperature). Further evidence of this is afforded by an observation 



made, at Cape Adare, on a block of ice which had been brought into the hut 
and had been slowly brought to the melting temperature. It was found that, under 
these conditions, many of the bubbles within the ice became surrounded by a layer of 
water so that, on moving or shaking the block of ice, the bubbles were themselves 
displaced. This melting may be due to the pressure exerted by the bubble, or possibly 
to unequal absorption of radiation ; the important fact is that the ice in the immediate 
neighbourhood of such bubbles is more prone to melt. We would, therefore, expect that, 
in such ice, the tendency would be for the bubbles to assume the spherical shape. As 
mentioned above, this is the general rule for bubbles in glacier ice, while the size of 
the bubbles in any sample of such ice is exceedingly regular. We have also seen that 
the amount of included air will probably be dependent on the rate of change of the 
snow into glacier ice, and on the subsequent meteorological conditions in promoting 
or preventing the formation of thaw water — ^that is, dependent on the temperatures 
of the region where the glacier is formed and moves. Even the most casual glance at 
the glacier ice of the South Victoria Land region enables one to see that the amount 
of included air is here much greater than in the Swiss Alps, or in the Southern Alps of 
New Zealand. We have even thought that the glacier ice in the Cape Adare region is 
in general clearer than that in the McMurdo Sound portion of the Continent, but 
this is merely an expression of opinion which should carry but little weight. It is, 
however, fairly certain that the presence of tratosparent glacier ice in the Antarctic 
(whatever the amount of air included in large bubbles) is an unfailing indication of 
the presence of water, either at the time of its formation, or during the period which 
has since elapsed. 

This brings us to one of the most interesting points connected with the subject of 
Glaciology. We have noted, not once but several times, that horizontal planes of 
rather more transparent ice in a glacier terminal or lateral face contain quite often, 
a small amount of very finely-divided silt, and also show a definite elongation of the 
bubbles in their vicinity (Plate Cl). The connection between the dark silt and the 
greater transparency is easily understood ; though it is not so simple to determine 
whether the silt has been carried there by water percolating from above, or whether 
the absorption of radiation by the silt has been the cause of the formation of the water 
and, therefore, of the greater transparency of the layer of ice. This will be discussed 
fully in Chapter IX, under the heading “ Silt-bands,” 

In general, asymmetrical air bubbles are only to be found within a few inches of 
the transparent layer, though examples are not entirely wanting of its occurrence at 
greater distance (Plates Oil and CIII). The bubbles are apparently elongated parallel 
to the direction of movement of the ice (in the planes parallel to the silt-bands), and 
have a length to 2 times their breadth. From the regular structure of normal glacier 
ice containing spherical air bubbles, it seems probable that this asymmetry must be 
connected with the occurrence of the transparent silty layers. From the coincidence 
between the direction of the major axes of the air-tubes and the direction of glacier fl,ow, 
it seems probable that the elongation of the bubbles in any horizon is associated with 
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differential movement in that plane. In some degree this is evidently analogous to 
the formation of elongated bubbles in ice on a stream surface, as described on 
p. 114. 

Just as the inclusion of air bubbles in the separate glacier grains is an indication 

of the change from neve to ice, whereby the air around 
the nev6 grains is transferred into the interior of the 
ice grains during growth, so also the occurrence of lines 
of bubbles within the grain is often an indication of the 
former position of a crystal boundary or crystal boun- 
daries. Plates CIV and CV show compacted snow and 
n6v6, which should be compared with Plate XCVII 
showing normal Antarctic glacier ice. I^articularly 
striking is the development which is to be found in the 
ice covering many of the cryoconite holes. When the 
water first freezes in these holes, a surface layer of clear 
blue ice is formed. The air is not included within the 
crystals, but is extruded at the boundaries in such 
manner as to form long air-tubes about inch in diameter. Owing to the fact that the 

formation of the ice proceeds by conduction from the walls inwards, a peculiar radial 
arrangement of the crystals takes place, and this is well shown up by the crystal 
boundaries. 

Pig. 61 shows one of the common methods of arrangement of the air tubes, which 
do not generally meet in the centre, but merge together as a bubbly core. These 
radially disposed crystals are quite commonly three inches in lengtli. In ii very 
large number of cryoconite holes, a test with the polariscope shows that the bubble 
lines and the crystal boundaries are the same, but in many others we ho.ve found that 
the clear ice in the cryoconite holes has the same granular structure as the clear ice 
near by, the granules being independent of the arrangement of the bubble planes. There 
seems, therefore, no escape from the conclusion that the simple radial structure of the 
first formation may be modified in the course of time into a granular structure of 

the normal glacier type. Mention of a similar change in the ice ol: “ filled ” crevasses 
has already been made. 

The most important factor in its bearing on the amount of included air is obviously 
the temperature, for we have already seen that the presence of water is able to free 
the ice completely. The scarcity of blue glacier ice in the Antarctic is, in fact, the very 
best testimony to the rigour of the Antarctic climate. The high air-content of the Ross 
Barrier and other similar formations, when compared with that of normal glacier ice? 
suggests that, even where water cannot exist, the density of ice will vary greatly with 
the temperature duriug formation. Though true glacier ice has been described as 
possessing a distinct whitish colour, comparable with that of Hghtly-frosted glass, it 
must not be thought that the total amount of included air is very large. To test th-fa 
point, a single observation for the density of white glacier ice was made. This was very 
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Kg. 61 . — ^Arrangement of air tubes in a 
cryoconite hole (horizontal section). 


simply and roughly done by dropping a large piece of melting ice unto pure alcohol 
at a temperature a degree or so above the melting-point of ice, and allowing it to dissolve 
and form a mixture of greater density. The piece of ice was removed as soon as sufficient 
was dissolved in the alcohol to cause the ice to move towards the surface of the solution. 
The density of the solution was then taken as that of the ice at 0® C., and was determined 
by direct weighing in a specihc-gravity bottle. The result showed the density of the 
sam])le to be 0.897. By comparison with the density of pure ice given in Table XX 
of the Appendix, we see that the amount of included air in this sample of glacier ice 
was only about one-fortieth of the whole volume. A similar observation for the 
density of the surface layer of sea ice gave the value 0.924. 


CHAPTER IV. 


THE MECHANISM OF GLACIER MOTION. 

For very many years, the explanation of the movement of glaciers from their 
gathering grounds at high altitudes to the lower levels where denudational forces 
predominate has exercised the minds of glaciologists. The motion of the glacier has 
been ascribed in turn to many different causes. Of the numerous theories which have 
been propounded, that which has probably the greatest number of followers ascribes 
the motion of the glacier to the melting of ice which takes place under pressure, at a 
lower temperature than the melting-point under normal atmospheric pressure — ^to this, 
and to resultant actions that follow from this melting. 

As is pointed out in a later chapter, the study of Glaciology has been, in some 
measure, handicapped by the fact that the area of investigation of the early glaciologists 
was restricted to those portions of the earth which were most easily accessible to them, 
i.e., primarily to mountainous regions in temperate zones. As a result, the earlier 
theories of glacier motion were framed to fit a set of facts applicable to only a few types 
and sub-types of glaciers. Any complete theory which is to apply to all types of glaciers 
must correlate a much larger number of facts, and must, therefore, be of a very general 
nature. 

It is not intended in this Chapter to elaborate a theory which will apply to all 
types of glaciers under aU possible conditions, but merely to indicate a generalization 
which we think is of fundamental importance, observing at the same time that many of 
the older theories of glacier motion are, to some extent, valid ; or, in other words, that 
the motion of a glacier is due to several causes each operating in its own particular 
sphere. 

In the opinion of the writers, an important cause of glacier motion in temperate 
regions is the lowering of the melting-point of ice under pressure, such as melting at 
the points of contact between individual ice crystals in the upper levels of the glacier, 
the water flowing to positions of less pressure. This must be combined with two other 
facts : — 

(1) The tendency for the crystals to grow in average size, and 

(2) The fact that increase of pressure produces a rise in temperature. 

As regards the increase in mean size of the crystals, this, as has been pointed out 
by Chamberlin, * should be carried out through the growth of the larger crystals at the 

* T. C. Cliamherlin, ‘ A Contribution to the Theory of Glacial Motion,’ Decennial Publications, 

University of Chicago, Series 1 , 1902 , “ Geology.” 



expense of tlie smaller ones, this action taking place for the reason that the average 
vapour pressure over a small crystal is greater than that over a large crystal. 

Several passages in Chamberlin’s treatise are, however, obscure. Thus, the 
increased vapour pressure over a small crystal is said to be due to the increased curvature 
of the surface as is the case with water-drops. “ . . . Another factor that enters into the 
process is that of pressure and tension. The granules are compressed at the points 
of contact and put mider tension at the points not in contact ; and the pressure and 
tension are, on the average, likely to be relatively greatest for the smallest granules. 
Tension increases the tendency to evaporation, and adds its effects to surface curvature. 
The capillary spaces adjoining the points of contact probably favour condensation . . . .” 
The statement that tension increases the vapour pressure is not clear ; it is a fact that 
vapour pressure is increased by in&reased hydrostatic pressure.* 

When we come to consider the motion of the large glaciers which are found in 
polar regions, we at once recognise that in many respects the explanation given by 
Chamberlin is insuffioient. Thus, the lowering of freezing-point is only about 3° C. for 
400 atmospheres pressure, so that the thickness of a glacier would have to be about one 
mile before the melting temperature at the bottom was generally lowered by 1° C. Melting 
and transformation of the ice to water we can be certain never takes place in the main 
mass (below the surface layers) of the immense land glaciers of the Antarctic Continent, 
however large a part this process may play in the mechanics of glacier motion in more 
genial climes. 

It appears to the writers that the fundamental cause of glacier movement in cold 
regions, where water is never seen except in the immediate neighbourhood of rock, 
depends on a property analogous and additional to the vapour pressure of ice. 

A growth of large crystals at the expense of small ones may be due in part to a 
greater vapour pressure over the latter ; the increased vapour pressure under increased 
hydrostatic; pressure will cause the movement of vapour from points where crystals 
a.ro pressing against one another to points where they are not in contact ; an increase 
in pressure will produce a momentary rise in temperature at those points where crystals 
come into contact, which may result in an increased vapour pressure ; these actions 
are all referable to the physical property known as vapour pressure, and this property 
seems to be sufficient to explain many of the changes that occur in a glacier. In low 
latitudes, where the temperature in the body of a glacier approaches 0® C., the formation 
of water between the individual crystals may result,! and the changes in the glacier 
will, in this case, proceed with much greater velocity. 

First, it seems desirable to point out some consequences of Chamberlin’s simple con- 
ception that the changes within a cold glacier may primarily be referred to the individual 

* Chamberlin also states that the internal heat from the earth is sufhoient to melt i inch of ice per 
year, and suggests that this heating, considered in connection with the lowering of melting temperature 
under pressure, is sufficient to keep the lowest layers of ice at melting-point. 

f This takes place when the vapour pressure of the ice at the temperature and pressure in question 
rises to the vapour pressure of water at the same temperature and pressure. 
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vapour pressures of tlie separate crystals. Approaclimg the matter from tlie physical 
standpoint, one may first of all consider the case of a single perfect crystal in equilibrium 
with its vapour pressure. For each face of the crystal, the number of ice molecules passing 
from the crystal to the atmosphere surrounding it must be equal to the number entering 
the face of the crystal, this number being conditioned by the vapour pressure. Following 
Todd’s* conception, all molecules striking the surface enter the crystal, while only those 
molecules which have a velocity or energy exceeding a certain valuef can leave the 
crystal.^ The crystal loses a certain amount of energy with each molecule which succeeds 
in escaping from the crystal, and this loss of energy is associated with the latent heat 
of vaporisation of the molecule. It is useful here to follow Dieterici in his conception 
of the solvent pressure which acts in the interior of a liquid. This solvent pressure 
cannot be measured directly, since any direct measurement involves the production 
of a surface of discontinuity. Within the liquid, however, the solvent pressure is a 
true bombardment pressure which will follow the ordinary gas laws. bombardment 

pressure is very large and the observed boundary pressure (vapour pressure) results 
therefrom. 

It is usual to look on the total energy in a liquid as made up of two parts, one 
proportional to the volume and the other proportional to the surface. ’Phe average 
energy per molecule in a large crystal should, therefore, be less than that in a small 
crystal and, in the absence of any other source of energy (for instance, electrical or 
mechanical), molecules should be transferred from the small crystal to the large, so 
long as the vapour can pass from one to the other and whether the crystals are touching 
or not. 

As the vapour pressure increases with temperature, so also will the rate of growth 
of the large crystals at the expense of the small ones, other things being equal. This 
is a well-known fact which has been many times noted in the case of ice, and was the 
subject of special experiments by C. E. Peet and E. C. Perisho, § under the direction of 
Professor Chamberlin. 

Experiments have been carried out,|| which prove that the rate of gi’owth of 
crystals increases with pressure, as we should expect from the fact that the 
vapour pressure increases with hydrostatic pressure. In most of the experiments, 
however, the growth has taken place at freezing-point. It woidd seem, therefore, 
that the increase in mean size during a given period must be conditioned chiefly by 
the temperature, the vapour pressure being much more sensitive to temperature than 
to pressure variations. 

The conception outlined above might be held to account for the movement of 
glaciers at temperatures well below freezing-point, but it is necessary to point out an 


. * G. W. Todd and S. P. Owen, ‘ Phil. Mag.,’ vol. 38, November, 1919. 

t More plausibly, only those molecules having a velocity of translation perpendicular to the surface 
exceeding a certain value. jSee also Bennewitz, ‘ Ann. der Phys.,’ 1919, No, 11. 

J iSee footnote to p. 60. 


§ Chamberlin, he. cU. 
II See Appendix. 
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apparently fatal, objection to. the conception, viz., that the velocity of glaciers and the 
rate of growth of crystals in mean size at temperatures just below freezing-point appear 
to increase very greatly as the melting temperature is approached, the increase of vapour 
pressure with temperature at this portion of the temperature scale being much too 
insignificant to explain the effect. 

It is important to note in this connection that I^rofessor E. 0. C. Baly’s investi- 
gations* suggest that the latent heat of evaporation should approximate to the amount 
of energy associated with a change of phase — ^that is to say, one or more energy quanta 
at the infra-red fundamental frequency, for every molecule. In the case of water, two 
quanta appear to be associated with this change. The latent heat of fusion should 
equally be associated with a change in the number of quanta of energy associated with 
each molecule, and it is diliicult to escape the conclusion that, since a certain number 
of water molecules at any temperature possess sufficient energy to enable them to 
escape from the liquid into the vapour above, so also a certain number of molecules 
of ice will possess sufficient energy to escape from the ice into the vapour form, while a 
much larger number of molecules will possess energies sufficient to enable them to exist 
in a “ liquid ” phase. Just as the molecules in water (when the temperature is raised 
to the critical point) can only exist in the vapour form, so also ice molecules cannot exist 
as such above the triple point, f 

Todd’s equation agrees fairly well with the observed vapour pressure of. water at 
various temperatures and, as one would expect, the increase of vapour pressure with 
increase of tejnperaturo rises rapidly as the critical temperature is approached. It 
seems, therefore, reasotiable to regard ice at any temperature as a mixture of three 
molecnilar phases. One of these phases consists of “ vapour ” molecules with sufficient 
energy to enable them to escape from the solid to the vapour, and in number conditioned 
l)y the vapour pressure of the ice at that temperature. A second phase consists of 
“ liquid ” molecules of less energy-content (though still greater than a critical value), 
.sufficient indeed to afford them a certain mobility within the ice. The third phase 

« ‘ IMiil. vol. 40, July, 1920, 

t th(s euu)irical r(‘latiouships whioli exist between suoli constants as latent lieat of 

vaporiHution, critical tcMupcrature, fusion temperature, boiling point, etc., have a real physical significance. 
Occlerbcrg (‘ I^hys. Zeit.,’ xiv, 829, xv, ()S)9) has discussed a formula connecting the vapour pressure of ice 
with tlic tcinjjcraturc, and suggests that this relationship can be expressed as a function of the ratio- 
tiuiijteraturc/critical tem])crature, which is of the same form for all substances, only the constants differing. 
The fa(jt that a solid cannot exist above the triple point, or a liquid above the critical temperature, is 
signifituint, and .suggests that when the mean molecular energy reaches certain values, changes take place 
whicli are of tlm natuii! of a redistribution of the energy. Point is lent to this view by the discovery of 
liojHdius and Guimeson (‘ Aim. der I*hys.’ Ixvii, p. 227) that the thermo-electric force of tungsten and iron 
c^xperienoe periodic changes at absolute temperatures which are an integral number of times a certain 
constant. It is rcasoiiabhi to suppose, as does Boredius, tliat a sudden redistribution of energy takes place 
in tile solid phase at these temperatures, when a certain fractional part of the atoms possesses a number of 
quanta equal to or greater than a new integer. {See also ‘ Nature,’ 109, p. 613.) The “ mobile ” (liquid) 
molecules we have postulated will be all those molecules possessing more energy than that corresponding 
to a oe.rtain number of quanta ; and the melting point will be the temperature at which a 
redistribution of energy among the molecules takes place. 
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consists of “ ice ” molecules possessing still less ener^ — insufficient energy , to allow 
them to move far from their positions of rest. Just as the number of vapour molecules 
in water increases greatly as the critical temperature is approached, so also should the 
number of “ liquid ’’ molecules in ice increase greatly as the triple point is approached. 
If we are right in conferring upon these “ liquid ” molecules a mobility between that 
of the vapour and the solid, an explanation is afforded of the great increase in velocity 
of glaciers as the melting temperature is approached. 

Unfortunately, we have no experimental means of verifying this idea, or of making 
evident the presence of the mobile molecules in ice, if indeed they have a real existence. 
It should be pointed out that this conception involves the existence of a bombardment 
pressure within ice similar to that postulated by Tinker as existing within a liquid. 
Where ice is in equilibrium below freezing-point with a solution such as sea water, this 
equilibrium can only be due to an equivalent motion of water molecules into and out 
of the ice. According to Tinker, the bombardment pressure of a solution is lower the 
higher the concentration of the solution, and it seems reasonable to assume that the 
bombardment pressure in the ice will also be less the lower the temperature. The 
bombardment pressure in a solution is increased by application of external hydrostatic 
pressure, and becomes equal to that of pure water when a pressure equal to the osmotic 
pressure of the solution is applied. In the case of ice, also, the application of hydrostatic 
pressure should increase the number of mobile molecules and, therefore, the bombard- 
ment pressure, and, when sufficient pressure has been applied to melt the ice, the 
bombardment pressure should be equal to that of pure water. The pressure required 
to liquefy ice is therefore a pressure somewhat analogous to the osmotic pressure 
of a solution, ice being looked on as a “ solution ” of ice molecules in water 
molecules. 

The analogy seems so complete that we are probably not very far from the truth 
in treating the hydrostatic pressure required to liquefy ice as the osmotic pressure of 
ice at that temperature, and in regarding this pressure as roughly proportional to the 
number of “ ice ” (immobile) molecules present in the solid. 

As pointed out before, it is not possible to test the correctness of these views, but 
there can be no reasonable doubt that they enable one to form a fairly coherent picture 
of the mechanism of glacier motion. The main features of the conception are — a notable 
increase in the number of “ mobile ” molecules as the triple point is approached, and a 
rigid framework of “ immobile ” molecules. These conceptions are sufficient to explain 
the great increase in glacier movement and increase in the rate of growth of the crystals 
as the triple point is approached, either by increase of temperature or of pressure, 
and also the rigid character of ice at temperatures much below the freezing-point. The 
movement of molecules will be from regions of high potential energy to regions of low 
potential energy , i.e., generally downhill. It is important, however, to emphasise that the 
idea of mobile molecules in the rigid ice lattice does not demand that those molecules 
which are mobile at one instant shall always remain mobile : owing to collisions with the 
imm obile molecules, there will be a constant interchange of mobility from molecule to 
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molecule. The crystal lattice itself will move as a result of fiiis interchange and will 
carry with it, in its motion, all the superincumbent layers of ice. 

It is not possible to calculate the coejB&cient of viscosity of ice from the data which 
are available, but it seems probable that the frictional resistance to motion of the 
“ water ” molecules will be some function of the number of ice molecules present. In any 
case, we will expect the velocity of flow of ice under pressure to be some function of 
the temperature-difEerence from the triple point, the value of the function being low 
for low temperature and rising rapidly as the triple point is approached. 

In the light of these remarks, it appears that the simple conception of vapour 
pressure as the prime cause of glacier motion is insufficient to account for the facts, 
though no doubt this method of molecular movement plays its part — a part which 
may well be of great importapce in the earliest stages of the growth from snowflakes 
to glacier grains, when the grains are separated by air spaces. A deduction which 
holds equally on either view is that temperature changes will be of greater importance 
in modifying the rate of movement of the ice than the pressure chmhges which are usually 
existent in actual ice streams. As pointed out before, the weight of ice a mile in thickness 
is equivalent in its effect to a rise in temperature of about 1° C. The comparatively 
high rate of movement associated with the Boss Barrier is no doubt due to the 
comparatively high temperature of the lowermost layers, which are laved by the sea. 

We see then that the snow falling on the gathering ground of a glacier will grow 
in size to neve grains* at a rate chiefly dependent on the temperature. As the neve 
grains grow in size, the air previously included in the mass between them is now found 
within the individual crystal grains, this process taking place by the extension of certain 
crystal boundaries, the presence of included air being in no sense necessary for growth 
ttr proceed. The glacier grains, like the snowflakes from which they have originated, 
have their axes oriented in all directions, so that changes in the crystal boundaries 
will continually take place, the movement of the boundaries being simply the expression 
of the transfer of molecules from crystal to crystal. By the application of local pressure 
or strain, the average energy per molecule and the proportion of “ mobile ” molecules 
at certain points will be locally increased, and the molecules will move from these points 
to points where the pressure is less. Other conditions being equal, the rate of wander 
of the molecules should be roughly proportional to the pressure gradient, the total 
movement of ice being also conditioned by the number of “ mobile ” molecules which 
are present. 

There is some experimental evidence that the “ viscosity ” of ice differs in a single 
crystal along the different crystallographic axes.f This difference is possibly referrable 
to the fact that the distance between ice molecules differs along these axes,J tind it is 
reasonable to assume also that the frictional forces exerted on the mobile ” molecules 

* N6v6 being defined as that condition of ice when the air included in the ice lies between the 
boundaries of the crystals. 

t McConnell, ‘ Proc. Eoy. Soo.,’ March, 1891 . 

J Dennison, ‘ Phys, Rev.,’ vol. 17, January, 1921. 
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will also difEer for movement along the different crystallographic axes. It is not impossible 
that the tendency reported from time to time towards a regular orientation of the glacier 
grains near the terminal face of a glacier may be associated with the direction of the 
greatest pressure gradient in the glacier. As to whether the mean size of the glacier 
grain will have any direct effect on the rate of movement of a glacier, it is impossible 
to say. 

It is now necessary to consider in some detail the question of the growth in mean 
size of glacier grain and its relation to the existing temperature and pressure conditions. 
We do know that the growth in mean size of the glacier grain in the course of time is 
in some way related to the temperature and pressure, but no exact figures are available. 
In lower latitudes, the mean size of the glacier grain* is large in comparison with the 
mean size in Antarctic glaciers, and, in the Antarctic, the mean size in those portions 
of the glacier which it is known have experienced higher temperatures is greater than 
elsewhere. No tendency has, however, been observed to an increase in mean size of 
glacier grain at high pressures (great depths) in Antarctic glaciers. 

So far as we are aware, no theoretical explanation of the causes for such growth 
has been discussed, nor is this memoir the place for a discussion of this nature. It does 
seem desirable, however, briefly to indicate a possible explanation for the growth of ice 
grains in a glacier, somewhat on the lines of the conception propounded to explain 
the movement of the glacier as a whole. In this, we must look on each glacier grain 
as a unit by itself, containing for a given temperature and pressure a certain number 
of “ fixed ” molecules and a certain number of “ mobile ” molecules. The latter would 
comprise all molecules possessing sufficient energy to enable them to escape from one 
crystal into an adjoining one, and it seems probable that the number of molecules of 
this nature will depend on the temperature, on the pressure, and possibly also on the 
orientation of the crystallographic axes relative to those in the adjacent crystals. 

For an ice crystal in equilibrium with its vapour, we recognise that only a small 
number of molecules have sufficient energy to pass the boundary from ice into air, 
while a larger number have sufficient energy to reach the boundary. We may therefore 
look on the surface of such a crystal as the place where certain high-energy molecules 
are to be found and the vapour around as the place where still more highly-energized 
molecules exist. Small grains of high mean molecular energy should therefore disappear 
and the large grains grow at their expense. 

In a single crystal, we can look on the whole energy as made up of two parts — one, 
due to the fixed ice molecules, and one due to the mobile molecules. The former are 
fixed in mean position, while the latter can move to the boundaries of the crystal and 
pass the boundary into an adjacent crystal. Clearly, if the surface energy of the crystal 
is different for the different faces, the number able to pass the boundary will depend 
on the orientation of the crystal relative to the adjacent crystals. Further, it is 
important to note that the surface energy is some function of the number of mobile 
and immobile molecules — such that, when the number of mobile molecules capable of. 

* Figures are given in a preceding chapter, page 104. 
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leaving the crystal is a minimum, the surface energy is a maximum, and mce versa. In 
the case of a liquid and its vapour, the surface energy is zero at the critical temperature 0 cj 
and, at another neighbouring temperature B, the surface energy is proportional to (dc— d). 

By analogy, we would therefore say that the surface energy at the boundary of 
two crystals in contact will be measured by the difference in the mean molecular 
energies of molecules in the two crystals, which will be conditioned by the number of 
mobile and immobile molecules in each. 

It is not difficult to see that, as in the case of water-drops, the surface energy becomes 
of greater and greater relative importance the smaller the ice crystal. Just as the 
smaller water-drop must have a higher average energy per molecule, evidenced by the 
greater vapour pressure at any given temperature, so also must the smaller ice crystals 
possess a greater mean energy per molecule and a greater proportion of the mobile 
molecules. The movement of molecules must therefore be away from the smaller 
crystal and into the larger. This gives a possible explanation for the growth of large 
crystals at the expense of small ones, though the effect will be less and less important 
the larger the crystals become. 

A complication is, however, introduced by the fact already alluded to — that the 
glacier grains have axes oriented in all directions, so that the total surface energy over 
any crystal boundary depends, not only on size, but also on orientation. In a glacier, the 
condition of equilibrium between crystals at any temperature is obviously that the 
mean energy of a molecule in each crystal shall be the same, and growth of some 
crystals at the expense of others will continue until this condition is attained. (In 
practice, the temperature changes and strains produced constantly within the glacier 
prevent the attainment of equilibrium.) 

If the mean energy of molecules in a crystal is greater the smaller the crystal, it is 
clear that the rate of disappearance of a small crystal surrounded by larger ones will 
be greater the smaller the crystal which is in process of disappearance, and the greater 
the disproportionality in size. We would thus expect, as is found to be the case, that 
the disappearance of the smaller crystals will proceed much faster the smaller the mean 
size, and that the growth will become very slow when the crystals attain a moderate 
size. 

Since the effect of increased temperature is to increase the number of molecules 
whujh have sufficient energy to reach the boundary from within an ice grain, this sliould 
result in an increased rate of growth in mean size of the glacier grains. The effect of 
increased pressure on one crystal only will clearly be an increase in the mean energy of 
molecules in this crystal and this will result in its quicker disappearance. 

Observation shows that the rate of disappearance of the smaller crystals is somewhat 
accelerated at temperatures approaching the melting-point, and that the mean size 
attained is greater the higher the temperature. The relative increase in mean size 
seems to be, however, less than the relative increase in the rate of movement of a 
glacier as the temperature rises, which we have already explained as due to the large 
increase in the number of “ mobile ” molecules as the temperature increases. 



In considering the q^uestion of growth in mean size, it is important to note that 
Antarctic observations lead to the view that, even at quite low temperatures, consolida- 
tion of snow to ice proceeds at a greater rate when the snow has been compacted by 
pressure, and we may legitimately consider this as an indication that gTowth proceeds 
more quickly when crystals are in closer contact, i.e. when the molecules can move 
from crystal to crystal directly without assuming the vapour phase. Considerations 
advanced in the next paragraphs based on the growth of crystals in strained metals 
provide, however, an alternative explanation. 

The conception outlined above leads naturally to the corollary that, if additional 
energy is stored in certain of the glacier grains, so as to increase the mean energy per 
molecule in those grains, an additional reason for the growth of neighbouring crystals 
at their expense is provided. The mechanism is, however, the same. If, for example, 
certain crystals have been subjected to excessive strains, the possibility clearly exists 
that these strains, by increasing the mean energy-content of the molecules, may lead 
to molecular readjustments and to the disappearance of the glacier grains so strained.* 

The conception outlined in the preceding pages must, therefore, be examined in 
the light of information derived from a study of strained metals. The paper by 
Professor H. C. H. Carpenterf summarises the greater part of the information which 
is available regarding the growth of crystals in metals. The first point to notice is that 
growth does not take place among the crystals formed in cast metals, no matter how 
small the crystals may be, as a result of rapid cooling through the temperature of 
solidification. On the other hand, crystals of metals which have been cold-worked 
or deformed show considerable modifications after annealing, depending on the degree 
of working and the temperature of annealing. Provided annealing is sufficiently 
prolonged, it is found that a deformation which is just sufficiently great to cause growth 
in the mean size of the crystal results in the formation of crystals of the maximum size. 
Smaller deformation followed by annealing leaves the metal unchanged, while large 
deformations result in the production of crystals smaller than the maximum size 
(obtained for a less deformation), and decreasing in size as the amount of previous 
deformation is increased. This decrease is claimed to be due to the birth and subsequent 
growth of new crystals in the boundaries between the old, the number of new crystals 
so formed being greater the greater the deformation. The maximum crystal size 
corresponds to the maximum deformation which can be given without the birth of new 
crystals. The maximum mean size attained for any deformation decreases as the 
temperature of annealing decreases, but is dependent solely on the temperature of 
final annealing when this is sufficiently prolonged. Finally, the rate of growth to the 
maximum size is quicker the higher the annealing temperature. 

* The view here advanced seems to require that the effect of pressure, which is not hydrostatic, 
upon a single ice crystal will he to cause movements of the molecules of high energy-content and a permanent 
change in the shape of the crystal. It also seems to demand that the vapour pressure, latent heat of 
vaporisation, thermal conductivity, and other physical properties of ice will depend on the size of the 
^ains composing the ice mass and the amount of work done upon it. 

■f ‘ Joum. Inst, Metals,' No. 2, vol. 24, J.920. 
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These results are of considerable importance. They suggest that the strains 
experienced in glacier ice by its movement, and particularly in the passage past obstruc- 
tions on its way to lower levels, should result in growth of the glacier grain at tempera- 
tures close to the melting-point, or, for greater strains, might result in a decrease in the 
mean size of the crystal as the result of recrystallisation. It may thus be the 
operation of this factor which limits the size attained by glacier grains at any 
temperature. 

In the normal course of events, the glacier grain is continually being subjected to 
varying temperature and varying pressures, and if annealing ” takes place in this 
range of temperature, an analogy is afforded to the behaviour of metals. Is it this 
action then which is the cause of growth in mean size of the glacier grain, or is the 
theory already outlined sufficient to explain the facts ? We think that the mechanism 
is the same in both cases ; in other words, that, in the absence of sufficient deformation 
to produce recrystallisation, the effect of strains and stresses on the glacier grains is to 
alter the mean energy of the molecules in the different grains in such manner that 
growth of some takes place at the expense of others. It may well be that, in the case 
of metals, the effect of cold work upon the metal greatly exceeds the effect of 
“ size difference ” in promoting growth ; but the fact that large ice crystals in air grow 
at the expense of small ones, when no strains can have been introduced, argues that 
the same effect is also operative in solid ice when the crystals are in contact. 

It seems necessary to call upon the deformation theory for an explanation of the 
change (several times observed) from clear ice, obviously formed from water in a glacier 
crevasse,* into glacier grains similar to those in the white bubbly, ice forming the main 
body of the glacier. The presence of small grains in narrow longitudinal veins which 
were obviously slip-bands are best explained as the result of reciystallisation, but might 
equally be due to snow drifted into cracks formed by a decrease of temperature. 

As in cast metals which have not been subjected to strain, so also in ice formed from 
water, there is no evidence that increase in the mean size of the crystal takes place ; 
but it must be remembered that ice crystals so formed are already of such dimensions 
tluit gi’owth due to “ size difference ” could hardly be expected. Information on this 
point could, however, probably be obtained by the observation of ice quickly frozen 
in liquid air. We would in any case hardly expect quite the same growth in ice formed 
from water as in ice formed from snow-flakes. In the first case, equilibrium must exist 
between each crystal and the water from which it is formed throughout the freezing 
process, that is, the mean molecular energies throughout each crystal must be the 
same, being conditioned by the equilibrium with the water from which they are 
formed. It is, therefore, only when the water-formed ice is strained that one would 
expect the equilibrium between crystals to be upset and growth to take place. For ice 
formed from snowflakes, both the size and the orientation of flakes is more or less 
haphazard, and equilibrium will at no stage be possible, since gTowth means readjust- 
ment of strains. Readjustment of strains further alters the conditions and leads to 

* Chapter III, p. 109, 
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further growth. The effective limit of growth might he set when the grains have reached 
a certain mean size, but equally might be set by the tendency towards an increase in 
the number of crystals caused by excessive mechanical forces which operate within the 
body of a glacier. 

It is difficult to imagine the passage of a normal glacier from its gathering grounds 
towards the sea, without the local production of such strains as must cause recrystallisa- 
tion, and (on the analogy of cold-worked metals) the consequent formation of smaller 
and more numerous glacier grains at the points of greatest strain. Results of this 
nature should be observable in favourable situations, but, with the single possible 
exception noted above, as occurring in longitudinal slip-bands, we have found no such 
effect. Such phenomena, however, would only be observed if growth due to “ size 
difference ” were comparatively slow. The fact that no record is available relating to 
a decreased size in glacier grain at the snout of a glacier (the grains in which have 
travelled farthest and been subjected to the greatest strains) is some evidence that, 
in ice, growth proceeds as a result of “ size difference,” as well as a result of 
strain. 

If, in spite of the considerations which have been advanced above, it should be 
proved that crystal growth cannot take place without work having previously been done 
on the granular mass, we think it will be found that the mechanism of growth 
of the glacier grains will still be very closely associated with movement of the 
glacier.* 


The theory of glacier movement outlined in the previous sections is of a general 
nature, and the conclusions apply to a mass of ice of uniform thickness lying on a 
horizontal plane, i.e., the mass moves outwards in whatever directions its motion is 
least impeded. In the majority of cases, a glacier lies on sloping ground, the direction 
of movement being then largely determined by the direction of greatest slope. Though 

* Since the above was written, our attention lias been drawn to Sir George Beilby’s publication 
(‘ Aggregation and Flow of Solids,’ Macmillan, 1921). Beilby, dealing in Section VIII with the flow of 
ice in glaciers, states that ice which has been converted into the “ vitreous ” condition by flow immediately 
tends to return to the crystalline condition, even at a temperature so low as — 12° C. It is probable that 
the “ vitreous ” condition is only permanent at a still lower temperature. Beilby advances weighty 
arguments to prove that surface flow takes place at ordinary temperatures in the process of polishing 
metals and even glass, the surfaces so treated remaining in the “ vitreous ” condition of high energy- 
content, whose properties differ notably from those of the more crystalline mass below. On annealing, 
the surface again, becomes crystalline. The mental picture offered of the vitreous state is that of solid 
molecules fixed in haphazard orientations, but rotating into crystalline order when heated above a certain 
temperature. The molecules in the vitreous condition possess a high potential energy and must clearly 
lie in the boundaries between crystals, if present within the mass of the solid. The vitreous condition 
may be induced by mechanical work, or sometimes by quick freezing, and is stable below the temperature 
in question. The metal in the vitreous condition is harder than in the crystalline state. The articles by 
Jeffries and Archer in the February and March numbers, 1922, of ‘ Chemical and Metallurgical Engineering,’ 
and in the ‘ Journal of the Institute of Metals,’ March, 1922, by the Besearch Staff of the General Electric 
Company, have since appeared and should "be consulted by all glaoiologists. 
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the mechanism of motion is the same, there is a great difEerence between the two cases, 
owing to the thrust exerted in the second case along the line of slope. This thrust is 
a result of the solid character of the ice (that is, the framework of immobile molecules), 
and is due to the weight of the glacier higher up the slope. 

In a long straight glacier of uniform slope, temperature, thickness and cross-section, 
the thrust would be the same at all points along any line of flow, since the conditions 
would be exactly the same at all points along this line. This ideal condition is never 
realised ; wherever an obstruction to motion arises, there will the thrust of the glacier 
above act with increased pressure on the section at the point of obstruction. If the 
obstruction is caused by a narrowing of the bed of the glacier, the ice molecules tend to 
move away from the point of increased pressure, and the depth of the glacier is increased 
by rise of the upper surface. 

If the thrust from behind is too great, so that the forward movement of the glacier 
cannot proceed in the usual way, i.e., by molecular movements within the ice, the upper 
layers of the ice may possibly shear bodily over the layers below, or over the obstruction 
in the bed of the glacier. The effect on a glacier when it meets an obstruction will, 
therefore, depend largely on the form of the obstruction ; in every case, however, 
increased pressure will be developed, with a tendency to shear, either along the glacier 
bed or between layers of ice in the glacier ; in every case, there will be a tendency to 
decrease the gradient of the upper surface of the glacier. 

Ill the case of a narrowing of the glacier, this tendency will express itself in the 
formation of longitudinal pressure ridges ; in the case of an obstruction in the form of 
a transverse ridge from bank to bank of the glacier, the tendency will express itself in 
the form of pressure ridges running parallel to and above the obstruction. A local 
obstruction such as a hillock on the bed of the glacier will cause local pressure ridges 
on the surface, whoso form will be largely conditioned by the magmtude and form of 
the obstruction. 

These pressure ridges are the outward and visible sign of a movement of the molecules 

away from the points of maximum strain. 

The simple theory of glacier motion outlined above requires to be modified further 
to take acicount of the behaviour of ice under tension. As is well known, ice under 
tension and under pressure behave quite differently, only a comparatively small tension 
being necessary to rupture the ice, that is, to break the framework of rigid molecules. 
The limiting tensions necessary for fracture evidently occur very frequently in the 

normal glacier, both in high and in low latitudes. 

If, for any reason, one portion of a glacier is forced to move faster than the neigh- 
bouring layers, and if this difference in speed is so great that it cannot be adjusted 
by molecular movements, either crevasses or shear cracks must divide the mass of ice 
nto two or more portions. If shear cracks form, they will lie parallel to the lines of 
flow of the glacier, while crevasses will be formed more or less at right angles to the 
mam lines of flow. In a glacier flowing down a straight bed, transverse crevasses niay 
form at every point where the slope of the bed is increased. In a bend of a glacier, 
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crevasses may form below the bend on the inner side of the glacier and in the lee of the 
projection, this part of the glacier being protected from the thrust of the portion of the 
glacier above, and therefore moving more slowly than the main stream of the glacier. 
Crevasses will also form at the junction of two glaciers moving in different directions 
and meeting at an angle, these circumstances being obviously particularly favourable 
to the formation both of crevasses and of pressure ridges. 

Closely allied to crevasses and shear cracks in the origin of their formation, are 
certain of the bands of blue ice and silty ice which are so numerous in many Antarctic 
^aciers. Particularly in the Antarctic, many crevasses, cracks, or holes, which extend 
up to the surface of the glacier become the repository of fine sand blown from the 
surrounding land masses by the high blizzard winds, or deposited by the action of 
water flowing down the glacier surface. Owing to the fact that the upper layers of 
the glacier move faster than the layers below, a vertical transverse crevasse does not 
remain vertical for long, but is drawn out into a surface as in Fig. 90 , Chapter VII,* 
which represents in section successive positions of a crevasse originally extending from 
the surface to the base of the glacier. If the glacier is of sufficient length, the plane 
of the crevasse may become almost horizontal. Thus any silt originally drifted into, 
or otherwise deposited in, the crevasse, will finally lie almost horizontal, and will, in fact, 
at all places sufficiently far removed from the place of origin, lie parallel to the glacier 
bed. The same reasoning applies equally to crevasses which are originally oriented 
otherwise than at right angles to the line of general movement of the glacier, these also 
tending to form silt-bearing planes lying approximately parallel to the glacier bed. 

Silt bands formed by other means, as by deposit on the surface of a glacier which 
is increasing in thickness by additions of snow on the upper surface, will also tend to 
become more horizontal, so that the general tendency is towards the formation of silt 
layers conformable witli the glacier bed. j* 

It is very probable that the erosive action of the ice upon the glacier bed also leads 
to the formation of silt bands, particularly in positions where the movement of the 
glacier is impeded. In such places, the form of the consequent silt bands may be of 
very complicated and folded aspect, especially if shear takes place within the glacier. 
As the glacier moves further forward, however, the folds must tend to lie conformably 
with the glacier bed. 

As previously mentioned the great majority of the bands of blue ice lie parallel 
to the silt bands and are formed (in many cases) in somewhat the same manner, the 
blue ice being directly due to the presence of water (later frozen) in crevasses, both 
transverse and otherwise, in shear cracks, and in pits and depressions lying on the 
surface. As in the case of silt bands, the whole tendency of the glacier movement is 
to bring blue bands, whatever their origin, into conformity with the glacier bed, except 
in the case of vertical longitudinal shear cracks, which being parallel to the direction 
of the glacier’s motion are not changed in form as the glacier advances. 

* Page 266. 

t The causes of origin of silt hands in glaciers are dealt with in detail in Chapter VII. 
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The question of moraines will, no doubt, be fully discussed in the Physiographical 
Report, together, with the question of the erosive power of glaciers. It is desirable, 
however, to touch on certain aspects of the phenomenon which follow naturally from 
the considerations which have already been brought forward. 

It is pointed out elsewhere that the amount of moraine material, whether in lateral, 
medial, or terminal moraines of Antarctic glaciers, is very much less than that lying 
upon glacier surfaces in more temperate regions. In part, this is due to the fact that 
the moraine is actually less in amount. Moreover, the effect of radiation is to cause the 
isolated stones and boulders to sink into the ice, and this process is assisted by the 
increased precipitation in the form of drift snow when the boulders form projections 
above the glacier surface. 

As in the case of glaciers in warmer regions, there seems little doubt that the increased 
thrust upon rocks projecting from the glacier bed will result in increased erosion at 
these points. Probably the amount of englacial material in the Antarctic is compara- 
tively small, though the effect of this material upon the glacier bed may be far-reaching. 
It has already been stated that those places where slip of the glacier upon its bed is 
most likely to take place, are those places where the thrust of the ice behind, owing to an 
obstacle in the path of the glacier, rises to exceptional values.* 

Consider the case of a boulder fixed in a depression of the glacier bed. It is quite 
possible, provided the pressures developed on the boulder do not exceed certain 
values and the glacier does not slip on its bed, for the ice molecules to travel round the 
boulder without moving it. If these pressures are exceeded, however, the boulder will 
be gripped firmly by the ice and will be used as a tool for grinding and scraping the 
glacier bed. The amount of erosion on the bed will be greater the greater the amount 
of rock material which can be held as a tool by the glacier, and the places where erosion 
of this type will be most effective will be precisely those places where the glacier is most 
likely to slip on its bed, i.e. where thrust exerts its greatest effect. 

Our view is, therefore, that up to certain critical speeds there is comparatively 
little erosion of the glacier bed. Above such speeds, erosion becomes more and more 
significant, until the eflSiciency of glaciers as eroding agents becomes comparable with 
that of other geological forces. If we apply this principle to the Antarctic Continent — 
or rather to South Victoria Land — ^we are compelled to the conclusion that here the 
ice covering of the continent has today a predominantly conservative effect. Certainly, 
the swifter of the Victoria Land glaciers must cause considerable erosion of their beds, 
but the great majority are moving below the critical speed for the rocks over which 
they pass. Plate CVI, showing striations in a soft tuff issuing from the face of the Bame 

* Ghamborlin and Salifibury (‘ Geology,’ vol. i) claims to have observed definite evidence of shear in a 
horizontal plane causing overhang in the terminal cliff face of Greenland glaciers. To this action he 
attributes much of the movement in the lower portion of Greenland glaciers. One would judge from the 
photographs that this shear is associated with the occurrence of silt-bearing planes. Similar cases of 
overlap on a glacier face, though on a smaller scale, have been seen by us in the Antarctic, but in every 
case the phenomenon was due to differential ablation and thaw, as between the clear and silt-bearing 
ice. 
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Glacier, whichi only moves forward some 30 feet in a year, shows, however, that true 
erosion of a soft rock surface can take place even under such circumstances, and by no 
means all Antarctic glaciers have this extremely small movement. 

One point which is of great importance to the glaciology of Antarctic regions must 
be briefly mentioned here. Due to the thrust from the portions of the glacier behind, 
sufficient pressure can be developed to push the snout of a glacier uphill for some 
considerable height, the height to which it can be raised being conditioned by the magni- 
tude of the thrust. This effect has, we believe, not been adequately considered in 
arriving at estimates of the thickness of glaciers in previous epochs. Thus, the statement, 
that erratics are found 800 feet above the present Ross Barrier level on Cape Crozier, 
has, in some quarters, been assumed as proof that the general level of the Barrier 
surface once stood 800 feet higher than at present, a deduction which is certainly incorrect, 
though in what degree we cannot judge. 


In some degree allied to the problem of glacier motion, is that of the formation of the 
(roughly) hexagonal marking where loose rocks lie, either on a slope or in a horizontal plane. 
The polygons vary in size from 50 feet across to only a foot or two, and their cause is far 
from clear. Plate II shows these polygonal markings on the slopes of Mount Cloudmaker. 

The essential features of the polygons are : — 

(i) The sides of the polygons are outlined by angular rocks of greater size than 

those at their centres, i.e. the largest rocks gravitate to the sides. 

(ii) On removing the loose rocks, the sides of the polygons are found to coincide 

with vertical cracks in a cement of sand and ice, which become narrower 
as the depth increases, but may be 2 inches in width at the top. 

(iii) The corners of the polygons are the junction of three such cracks. 

As mentioned above, it is difficult to find a complete and adequate explanation for 
this phenomenon. The formation of the cracks can be referred to contraction of the 
ice-sand cement underlying the top dressing of loose rock, and the movement of the 
larger rocks towards the depressions which outline the polygons will be assisted by 
temperature changes, and the alteration in the seating of the larger rocks (supported 
at a few points only) caused by ablation of the ice portion of the cement. It is certainly 
of interest to note that the polygons are best developed in the angula/r morainic material 
which outlines a former glacier-covered bed. 'They are most strikingly shown after 
a slight snowfall accompanied by wind, which drifts the greater part of the loose snow 
into the main depressions, at the bottom of which are the small cracks which outline the 
sides of the polygons. 

Rate op Movement op Antarctic Glaciers. 

Rew measurements have been made of the rate of advance of Antarctic glaciers, 
but clearly the movement of individual glaciers varies enormously. 
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Thus, Ferrar states that Blue G-lacier moves forward less than 4 feet per year, and 
that the movement of the south arm of the Ferrar Glacier is less than 6 feet per month. 
The advance of the Ferrar Glacier opposite Cathedral Rocks between February 11 
and September 20, 1911, has been observed by us and found to be only 32 feet from 
February to October in its most swiftly moving part, while Debenham estimates that the 
rate of advance of the Wilson Piedmont-Ice opposite Dunlop Island is from 10 to 20 
inches in a day during the summer. The movement of the Barne Glacier on Ross 
Island we have found, on the contrary, to be only 30 feet in a whole year. 

Drygalski states that the movement of the Continental-Ice at Gaussberg varies 
from 0*33 to 0-44 metres per day, while the “ West-Bis ” is stated to be stagnant. 

Measurements by Taylor and Debenham of the movement of the Mackay Ice 
Tongue in January and February, 1912, show that its rate of advance in summer is 
about 2- 8 feet per day, while we estimate the forward movement of Glacier Tongue 
to be of the same order of magnitude — probably about 2 feet per day. 

J’'he most accurate meas\irement of glacier movement in the Antarctic is, however, 
that by Shackleton’s Part.y of the mean movement of the Ross Barrier during 6-| years, 
viz., 492 yards per annum. 

It will be observed that the rate of advance of these ice formations is small 
for the glaciers which do not project a floating extension into the sea. Clearly, therefore 
this is evidence of our contention that all glaciers which have a reasonable rate of move- 
ment will advance until they reach the sea, and that the length of an Ice Tongue is 
I’clated to the foi'ward movement of the Land-Ice formation behind it. 

These rates are smaller than those observed in similar ice formations, where such 
exist, outside the Antarctic.. Thus, the Muir Glacier in Alaska has a maximum movement 
of about 7 feet per day, acjcording to Reid * ; the great Tasman Glacier in New Zealand, 
4(.) cm. per day; the Karajak Glacier in Greenland, 18 metres per day. These are all 
large glaciers comparable in si;5e with the Ferrar Glacier. The greatest valley glacier 
in the world, the Beardmore Glacier, has, in our opinion, a rate of movement not exceeding 
3 feet a day, even in its swiftest moving portions. It is, however, unfortunate 
that opportunity could not bo found to measiire this movement. We feel that these low 
rates of movement in the Land-Ice formations of the Antarctic can probably be referred 
to the low summer and yearly air temperature of the Antarctic, though glaciers no 
doubt exist on bhis continent which will have movements comparable with those of 
the Greenland glaciers. If such glaciers exist, they will clearly, however, have sufficient 
movement to project a floating Ice- Tongue many miles into the open sea, 

* Alaskan Glaniers,” ‘ Bull. G«ol. Soc. Ann.,’ vol. iv, pp. 32-41. 



CHAPTER V. 


CLASSIFICATION OF LAND-ICE FORMATIONS. 

(1) Preliminary Discussion. 

The formulation of a classification of Land-Ice forms, which shall be truly based on 
genetic considerations, is a difficult matter, and has been made more so by the circum- 
stances attending the early study of lands which have been, or at present are, inundated 
to a greater or lesser extent with ice. 

The more interesting features of the climate of Europe, throughout the period of 
the evolution of man and that immediately preceding his first appearance on the earth, 
are the occurrence of certain “ glacial periods,” which involved great extensions of 
ice both in Europe and America. Some portions of the dwindling remnants of the 
last of these great extensions in Europe have survived to the present day in the form 
of isolated ice sheets and glaciers, and it is these ice formations which have been the 
subject of the closest study for many years. 

Until quite recent times, the conception of a glacier in the minds and tliouglits of 
most European glaciologists was entirely formed from a knowledge of tlie “ Alpine ” 
t3rpe. As researches were carried further afield, it was natural that the attention of 
students of this science should be drawn next to the ice formations of the more 
southerly portion of the European polar lands. The glaciers of Norway were claimed 
by many to be of a type distinct from those of the Alps and the “ Norwegian ” type 
of glacier was defined and described. 

Travel further afield again discovered yet other new types, first in Spitsbergen, 
then in Alaska, finally in Greenland. Each glacier or ice field was named after the 
region where it was first seen, and from which the description of the type example was 
brought back. Thus, from the first, glacial nomenclature was burdened with the terms 
“ Alpine,” “ Norwegian,” “ Spitsbergen,” “ Alaskan,” and Greenland ” glaciers. Even 
in the case of those men who recognised clearly that glaciers of all five types might 
occur in any one" intensely glacierised* country, the force of tradition was sufficient 
to ensure the inclusion of the terms. 

* The teims “ glacieriBation,” “ glaciation ” and “ snow line,” as used in this memoir, are intended 
to convey the following ideas : — 

“ Glaoierisation ” — ^the inundation of land by ice (German, V&feimng), 

“ Glaciation ” — ^the erosive action exercised by Land-Ice upon the land over which it flows. 

“ Snow line ” — an imaginary line representing the contour below which permanent accumulation 
of snow, cannot take place. 
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Controversies also arose over tlie definitions of the typical “ Alpine/’ or the typical 
“ Norwegian ” glacier, etc. As knowledge of the processes of glaciation* increased, 
different interpretations were placed upon the observed facts, and rival schools of thought 
further confused the meaning of terms which had formerly had a less specialised 
application than was now applied to them. This aspect of the question is discussed 
at greater length in a later section of this chapter, where the classification put forward 
by the writers is compared with those previously formulated. 

(2) The Glacial Cycle. 

For the complete understanding of the genetic relationship between various ice- 
forms it is useful to summarise briefly the phases passed through by a land mass of 
large extent during a complete '' glacial cycle.” Let us take the case of a land, of 
sufficient size to afford a reasonable diversity of land form, and with a climate such that 
no permanent or semi-permanent snow and ice fields can exist upon it. We may then 
visualise the result upon such a land mass of a progressive decrease in temperature 
combined with relatively high precipitation. 



Ifig. 52. — ^Tho initiiil stage of the glaoioiisation of a land mass. 

The first result of the lowering of temperature will be seen in an increase in the 
proporiion of the precipitation wliich takes place at high altitudes in the form of snow. 
Snowdrifts will form in the higher depressions of the mountains, and gradually as 
may be seen in almost any mountain chain of medium altitude in the temperate zones, 
and sonietinies of higli altitude in the tropics — ^the mountain tops above the snow line 
will become swathed in a mantle of snow and ice, whose thickness will depend upon the 
amount of precipitation and tlie size of the gathering grounds afforded by those portions 
of the mountain ranges which are above that line (Fig. 52). 

As the temperature of tlie land mass and of the air above it continue to fall, the 
area permanently covered with snow and ice will increase in size, until the gathering 
grounds become sufficiently large to give rise to glaciers of considerable size. 

The latter will then overflow the lower portions of the walls of the depressions 
which contain the parent firnfields, and will attempt to follow the courses of the already 
existing valleys of the stream-erosion landscape towards the lower levels of the land. 
At this stage in the glacial cycle, only the valleys of the highlands will be deeply 

covered with ice. 

Higher up, the more gentle slopes and all depressions will be covered with a thin 
mantle of ice,* but the steeper ridges of the mountains will stand forth against the ice 

♦ See footnote on previous page. 
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as bare black ribs and peaks, and the higher portions of the uplands, between the ice- 
flooded valleys, will also be comparatively bare. It is at this period of the glacial epoch 
that cwm ” or “ cirque ” erosion will play a dominant part in the sculpturing of the 
ice-free portion of the highlands (Fig. 53). 

If the glacierisation of the land progresses, however, the next step consists in a further 
accumulation of snow upon the flrnfields of the mountain basins, a corresponding increase 
in the floods pouring down the valleys, and the shrouding in ice and snow of the more 
gently slopmg uplands between the valleys which contain the main ice streams draining 
the highland plcUeaux. As this coating of the uplands becomes thicker, local icefields 



meantime, the glacierisation of the mountain regions continues so long as 
^ supp 7 o snow increases. The decreased temperature ensures that leas and less of 

of the day, or the warmer season of the year. Thaw water plays a less and less 

mportant rote m the sc^ptaring of the land, the ice continues to aLmulate, and tl^ 

mmor megidanties of the land surface are smoothed over as the surface of the snow 
and n4v« fields steadily rises. »ce oi me snow 

Ab the glacial cycle approaches its climax, the whole land surface, with the 
exoep ion o s arp peaks and ridges, becomes swathed in a mantle of ice and snow, 
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beneath which, however, the larger features of the original contour are indicated by a 
series of undulations which become softer and softer as the white mantle increases in 
thickness, and tends to flatten itself, filling up the valleys and depressions at the expense 
of the accumulations upon the higher ground. 

As the ice thickens, and more and more of the land becomes deeply covered, the 
“ cwm ” formation, which played such a predominant part in the sculpturing of the 
highlands in the early stages of the glacial cycle, becomes of less and less importance. 
The only glaciation which goes on beneath the more uniform sheet of ice is a general 
lowering of the land surface as the ice flows down wherever possible to lower levels, 
carrying with it the debris which has been produced by the frost-weathering, and by the 
“ bergschrund ” and stream erosion of the earlier stages of the cycle, and using this 
material to smooth off the projections and remove a portion of the general rock surface 
over which it moves.* 

If conditions as regards precipitation and temperature are favourable for an 
advanced stage of glacierisation to be attained, we now see the gradual swamping of 
such isolated peaks and ridges as remain above the general ice level, while the ice 
streams in the lowlands increase in size and thickness, and make more and more 
headway against the denuding influences which still operate at or near sea level. Great 
.sheets of ice swamp the lowlands ; great tongues of ice now protrude into the sea. If 
the ice in<Teases in amount and the mean air temperature continues to fall, the 
formation of sea ice in the winter, and a belt of pack-ice in the summer, much restrict 
the influence of the sea — that most powerful of all denuding forces — and at the same 
time afford a basis for the lodgment of yet further deposits and drifts of snow. The 
spaces between the Ice- Tongues may become filled with permanent sea ice, on which 
collect drifts which gradually accumulate to complete the fringe of land ice which 
forms a selvage, adding in no mciin degree to the superficial area of continent or i.sland. 

As snow is piled on snow and ice on ice, both inland and along the shore, the ice 
sheet, which has now reached truly “ continental ” dimensions, becomes of smoother 
contour, until finally a gently rounded dome with a vast selvage of horizontal ice, free- 
floating in an ice-strewn sea, attests the local conquest of cold and snow over all the 
other agents of nature. 

. An extreme case can even be imagined where not a peak remains exposed, where 
tlie only evidence of the existence of land beneath the ice-mantle is afforded by the 
general shape of the dome and the height to which the ice is piled above sea level. Such 
a state of affairs must have been fairly closely approached quite recently in the history 
of the Antarctic Continent. Evidence abounds to show that, within comparatively 
recent times, the ice surface in many of the valleys at present occupied by glaciers 
stood at least two or three thousand feet above its present level, while islands far out to 
sea have been over-ridden by portions of the lowland ice sheet which must have spread 

* By far the greatest erosion will take place in the original valleys where the ice is thickest. The 
tendency will be to emphasise the contrast between these main drainage lines and the less dissected areas 
between them, and also incidentally to straighten out the valleys. 
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outwards in all directions over the continental shelf (Fig. 55). In the world’s history, 
however, a state of equilibrium appears usually to have been reached long before this 
stage. The Pleistocene ice sheets of Europe and America, although they reached 
continental dimensions, were never of sufficient size to swamp the land entirely. Even 
the greatest Antarctic extension for which there is definite evidence probably left many 
peaks and ridges still free above the ice surface. 

To obtain the perfect examples of glacierisation at its maximum stage, it is 
necessary to narrow one’s field of view, and to give closer attention to much smaller 
isolated land masses, examples of which are afforded by the smaller islands off a 
glacierised coast. From amongst these may be selected many which exhibit a 
miniature of the completely swamped continental land mass with its gently-sloping 
ice cupola or dome, and with flattened edges caused by the projection of its ice covering 
into the sea. Once this form has been assumed, further accumulation can only result 
in increasing the height of the dome, decreasing its slope, and increasing the size of the 
skirting pushed forth into the surrounding sea. Except where the latter abuts against 
similar sheets produced over other islands, or against steep rocks and islands which are 
not glacierised to any great extent, no great modification of form can be expected. 



Fig. 65. — The ice inundation at its maximum flood. The whole land is swamped beneath a thick sheet of (JontinoniaMco 
which only betrays the presence of the more pronounced peaks beneath it. The lowlands are completely (covered, 
and a selvage of floating ice extenda.far out to sea. 


After the ideal dome-shaped form has been attained, and the ice sheet has grown 
to what is at once its simplest and most mature form, no great change can become 
evident, unless ameliorating climatic conditions cause a recession of the ice. 

Comparatively small see-saw movements may take place as at any stage of the 
cycle, but if the deglacierisation of the land is progressive, a similar series of stages in 
the opposite sequence will take place after the glacial cycle has passed its maximum. 
It is to this portion of the glacial cycle that one must attribute the majority of the ice 
forms which have been described in detail. 

The earliest stage during the process of deglacierisation, where a portion of the 
land is stiU swamped to such an extent that even its major irregularities are hidden, is 
represented by the great ice sheets of continental size which occur in the Antarctic 
and in Grreenland. The stage where the ice covering remains on all gentle slopes, but 
is in the main moulded to betray all but the lesser irregularities of the land surface, can 
be recognised in portions of both the above countries and in Norway, Spitzbergen and 
Alaska. The stage where the icefields from the uplands have largely disappeared, 
and the glaciers in the vaUeys have shrunk to a shadow of their former size, can be 
especially well seen in portions of either of the latter countries. Finally, the firnfields 
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and glaciers of the Alps furnish a good example of the penultimate stage in the de- 
glacierisation of a land mass. Here the majority of the glaciers do not even enter 
the valleys down which they formerly flowed, but head in secondary scallops of the 
great cwms which formerly held the snowfields which nourished their ancestors. Long 
before they have passed the lips of the cwms the area where alimentation is balanced 
by denudation has been reached. The drainage down the original U-shaped glacier 
valleys is all in the form of water, either the product of the wasting away of the glaciers 
and snow-drifts of the higher levels, or the direct result of precipitation in the form of 
rain on the slopes which border the valleys. 

Finally, as the temperature ameliorates still further, the snow line shifts further 
and further up tlie slopes of the mountains. In all temperate regions of the earth, 
examples may be seen of the snow-capped peaks which are typical either of the earliest, 
or latest stages of the glacial cycle. Should a further general rise of temperature take 
place, the permanent snow-drifts may disappear altogether, as is the case with many 
mountains wlii(di shared in the Pleistocene glacierisation, but which are now snow free, 
hlxamples could be multiplied indefinitely, but such amplification of the subject would 
serve little purpose. 


The broad features of the ice formations of the typical glacial cycle have been 
indicated in the above description. At any stage near the maximum, we have the ice 
sheets which accumulate in the highlands, on the uplands, and in the local depressions 
of the latter ; tliese drain down to the lowlands through glaciers flowing dowm the 
pre-existing valleys of the preglacial drainage system, or may, under the influence of 
favourable circumstances, such as the occurrence of planes of weakness as, for instance, 
faults or weak bands of rock, scoop out fresh valleys for themselves which are 
discordant with the former drainage system. The mountain peaks and ridges are being 
(luickly eaten away on all their main faces by cwm erosion, and, in the more advanced 
stages of the epoch, the fragments from the interior and sides of the cwms are being 
rapi<lly removed by “ spill-over ” glaciers heading in the cwms and flowing over their 
front steps in the attempt to find their way into the main valley glaciers. 

h^inally, at lower levels, there are a number of ice forms which are of particular 
interest and which owe their existence to a variety of factors. Chief among them is 
that accumulation of ice which results from the overflow from the various highland 
and upland sheets, pouretl on to the plains or into. the sea, either directly down the 
slopes of the foothills, or through the valleys which seam the latter. 

During the period of less intense glacierisation, we find a variety of incomplete 
forms, all of which can, liowover, be clearly visualised as being either the ancestors or 
the remnants of the ice forms mentioned above. Such ancestors are the early firnfields 
and glaciers of the mountain regions, the comparatively thin “ ice-caps ” of the upland 
districts, and the “ expanded feet ’’ of the more vigorous glaciers which outpass their 
confining valley walls and debouch upon the plains, often to coalesce and form true 
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“ Piedmont ” ice. Such remnants of a former greater glacierisation are the firnfields 
and glaciers of regions Uke the Alps, heading in small secondary cirques within greater 
cwms, or occupying only a very small portion of their former valleys. 

The point of chief interest which is emphasised by any general survey of a hypo- 
thetical glacial cycle, or of the existing examples of stages in such a cycle, is the genetic 
relationship between all Land-Ice forms. Detailed classifications may be attempted, 
as will appear, based on the relative importance of the different factors which promote 
the glacierisation of the land ; on the degree of glacierisation attained ; or upon the 
relief of the glacierised land : but all such divisions are of a somewhat artificial nature. 

All the types created in any such classification will pass one into another by 
imperceptible gradations. There can be no such thing as a sharp line of differentiation 
between types. Nature in this, as in most other manifestations, progress uniformly and 
steadily, and the best classification of glaciers can only be one which picks out arbitrary 
types whose form, position, or other characteristics, enable them to be easily defined 
and easily recognised from definition. 

(3) Previous Classifications. 

Of previous classifications, we need only mention those which have embraced the 
Land-Ice forms of the Polar regions, where glacierisation at the present time is developed 
;o its greatest extent. Polar Land-Ice was first studied comprehensively in the Arctic 
regions, and, before the close of the twentieth century, European glaciologists had 
•ecognised three principal types of glaciers, to which had been given the names “ Alpine,’' 
‘ Norwegian,” and “ Greenland,” respectively. 

In 1897, E. von Drygalski* adopted a slightly different classification, dividing tlic 
ce-forms of the latter country into : — 

(1) “ Inland-Ice and inland ice streams,” and 

(2) “ Highland-Ice and coast glaciers.” 

His criterion in distinguishing between the two classes was their relationship to 
ie land surface upon which they lay The former was recognised by him as an icc 
lundation which swamped the land ; the latter as an ice covering which adapted itself 
) the land. He says of his classification, that the difference is in the main quantitative, 
at it depends on the origin of the ice and expresses itself in its motion. In sub-dividing 
-s second type, he uses the terms “ Alpine ” and “ Norwegian ” glaciers. 

While the glaciers of Switzerland, Norway, Spitzbergen and Greenland were provi- 
ing an object for the exploration of European glaciologists, those of Alaska proved 
1 equally fruitful field for bhe investigations of glaciologists of the United States. 
1 1893, in a paper describing the Malaspina Glacier, I. C. Russellf gives a classification 
: ]jand-Ice forms in which he divides them into “ Alpine,” “ Piedmont,” and “ Con- 
nental ” glaciers, with a subordinate type to which he gives the name “ Tidewater ” 
aciers. 

* E. voii Drygalski, ‘ GrOnUncl Expedition,’ vol. 1, 1897. 
t I. 0. Russell, “ The Malaspina Glacier,” * Journ. GeoJ.,’ vol, 1, 1893. 
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Gilbert,* in his report on the glaciers met with by the Harriman Alaska Expedition, 
adopts the same main types, but refers to all valley glaciers as “Alpine ” glaciers, and 
divides these latter into “ tidal ” and “ non-tidal,” according as they do or do not 
reach the sea. Another sub-type which debouches from the mountains on to the 
plain at their feet is well described in the same memoir, under the title “ expanded foot ” 
glaciers. 

Since the beginning of the twentieth century, the Antarctic regions where bhe 
glaoierisation of a large land mass (and of smaller subsidiary island areas) is now 
developed to the greatest extent, has been partially explored by many expeditions of 
which a trained scientific staff has formed an important part. The Antarctic Continent 
and the islands off its coast contain all the known types of Land-Ice forms, and the 
larger examples are displayed on a most magnificent scale. 

The scientific exploration of the Antarctic coast and interior has resulted in classi- 
ftcations of Land-Ice forms which have been formulated in turn by Arctowski,! 
Phillippi,! Wei*tU,§ Drygalski,|| Ferrar,^f Gourdon** and Nordenskjold.tt Finally, in 
his comprehensive book, ' Characteristics of Eidsting Glaciers,’ Hobbs has reviewed 
the results obtained up to the date of the first Shackleton Expedition (1907-9), and 
has himself suggested a (dassification based upon a study of the literature of both 
European and American glaciologists. 

A comparison of the classifications of (bourdon, Worth, Ferrar, Nordenskjold, 
and Hobbs is given in Table VII, where the typos are arranged, so far as possible, so that 
type- names occurring in the same horizontal line refer to similar ice-forms. It is at 
once apparent that there is little real agreement between the different classifications, 
while, in some cases, the same name has been used for types widely different both in 
method of origin and in form. T!he individual drawbacks to these classifications, as 
they appear to the writers, are discussed at a later stage in this chapter. Each classi- 
fication is, however, a considerc<l endeavour to solve a difficult problem, and criticism 
would be of little servicjc unless a further attempt at solution were made. Before, 
tlierefore, any detailed discussion of previous classifications is entered upon, it is proposed 
to outline an alternative (dassification in which an attempt has been made to overcome- 
various disadvantages inherent in the earlier ones, to sweep away various obsolescent 
names which have come to possess widely different meanings ; to eliminate place names 
(which by their very nature are liable to cause confusion of thought) ; and to simplify 
the problem, so far as possible, by defining types with reference to certain physical 
factors which are generally acknowledged to have a distinct bearing on the ice-forms 

* S. K. Gilbert, ‘ Harriman Alaska Exp.,’ “ Glaciers,” vol. 3. 

t Arotowski, ‘ Die Antarktisohen eisverhaltnisse,’ etc. 

J Fhillippi, ‘ Zfiit. ftir Gletscherkunde,’ vol. 2, 1907. 

§ Werth, ‘ Deutsch Sudpolar Exp.,’ 1901-3, vol. 2. 

!{ Drygalski, ‘ Die Sudpolar Forschuug und die Problcme dus Kiscs. 

'll Ferrar, ‘ Scientific Beports of Disc. Exp.,’ 1901-4, “ Geology.” 

*♦ Gourdon, he, cit. 

ft Nordenskjold, Die Schwedische Sudpolar Exp. und ihro Geographiaohe Tatigkoit. 
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wliich come into existence at different stages in the glacial cycle, and which occupy 
different relative positions on a glacierised land mass. 

(4) Factors on which a Natural Classification must be Based. 

A study of ice forms at an advanced stage of the glacial cycle shows various factors 
which enter into the glacierisation of the land, or which may affect to some extent 
the shape and size of various portions of the ice mantle. Any natural classification must 
be based upon one or more of these factors, which are in the main interdependent and 
inseparable one from another. 

The factors which are most directly associated with the degree of glacierisation 
of a land surface are those of — 

(1) Temperature, 

(2) Precipitation, 

(3) Slope, 

(4) Denudation. 

Given favourable conditions, the normal ice sheet during an advanced stage in the 
glacial cycle will stretch in unbroken extent from the liiglilands or uplands, through 
valleys and over slopes, to the lowlands or even into the sea, and it is on this “ normal ” 
fomi that the broader divisions of a genetic classification must be based. The “ normal ” 
ice sheet itself may be divided into three more or less distinct zones which are dia- 
grammatically shown in Fig. 50 : — 



Fig. 56. — Oliart showing the normal glaoier form, with the three areas into which it has been divided for the purposes of 
this olassifioation. The factors actually made use of are those above the diagram of the ice-form. 
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The effect of regional differences in temperature upon the ice-form will be seen 
in the presence or absence of one, two, or all three of the zones in a “ normal ” glacier, 
and temperature is therefore of first importance in causing different abnormal ice-forms, 
while it is, of course, the decisive factor which determines the relative importance of, 
and the position of, the .zone of equilibrium separating two important factors — 
supply ” and “ wastage.” A suitable temperature is essential before a “ normal ” 
ice sheet can grow. 

PreGipitation. 

The importance of “ supply ” in the form of direct precipitation of snow is, of 
course, unquestionable. It takes effect along the whole length and breadth of the 
ice sheet, but is predominant only above the position where its effects become somewhat 
neutralised by the rapid movement of the ice, or by the various forces tending to cause 
its disappearance. 

The main effect of this factor upon the shape of the ice-covering over the laud will 
be its ability or inability to swamp, and so to mask, the relief which gives their charac- 
teristic form to many of the Land-Ice sub-types of the earlier and later stages of the glacial 
cycle. This factor will also modify the results which might otherwise arise from the 
factor previously considered — temperature. An exceptionally high precipitation will 
cause the glaciers to push rapidly down to the lowlands and will result in heavy accumu- 
lation of ice along the coast and in the sea. The true “ snow line ” may then be lowered, 
irrespective of temperature, and a greater glacierisation may take place in spite of a 
relatively warm climate.* 

Similarly, starvation may produce the opposite effect, and has, indeed, very probably 
played a large part in the denudation of ice which has characterised recent times on 
the Antarctic Continent. Here the average yearly temperature is possibly lower at 
the present time than at the time of the maximum accumulation of ice. 

Slope. 

The slope of the land is also of great importance in determining the types of 
ice-form. It is indeed to their considerable slope that the true “ glaciers ” owe their 
characteristic features. They are “ rivers ” of ice, pouring down from the regions of 
predominant supply to those of predominant wastage, where the ice becomes dissipated 
as icebergs, water, and water vapour. 

Denudation;, {Wastage.) 

The fourth factor to be considered is that which sets the final limitation to the 
outward extent of the ice sheets. Throughout the whole area covered by the ice 
sheets, the denuding agents — sun and wind in the higher regions ; sun, wind, rain and 
■sea in the lower — wage continual war against the ice. 

* For example, ui Alaska. 
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Below the snow line/’ these forces are predominant, and determine the limit 
and give the characteristic form to the ice-formations in the third zone. During the 
earlier and later stages of the glacial cycle, even the second zone — ^the zone of predominant 
movement — ^may be considerably reduced in extent or eliminated altogether. Supply 
and wastage become predominant in turn at the same level in a slightly glacierised 
country ; they may each reign at the same spot at different times of the year, or even 
at different hours of the same day. As a limiting factor, therefore, denudation is bound 
to play an important part in deciding the exact extent and shape of the ice-forms pro- 
duced at all stages of the cycle. 

Two factors which remain to be considered are the size ” and “ relief ” of the 
land mass in process of glacierisation. These factors are not so intimately associated 
with the processes of the glacial cycle as the four previously discussed. 

It is self-evident that the form of ice sheet produced will vary greatly, both with 
the size of the land which is being glacierised and with its relief. 

If the chief divisions of a classification appear to be best based upon the main 
factors which decide the degree of glacierisation, the sub-types can scarcely be determined 
and defined on better grounds than those afforded by the effect upon these factors of 
the “ size ” and “ relief ” of the land upon which they rest. The latter have played 
a very prominent part in previous classifications, and most of the sub-types given in 
Table VII are based upon one or other of them. Indeed, the modern tendency, as 
represented by the classification of Hobbs, is to use the relation of the ice to the physio- 
graphical features of the land as the most important criterion of the type to which the 
ice-form should be allotted. 

The writers cannot, however, agree with this method of classification, which gives 
an altogether disproportionate importance to the comparatively unimportant ice- 
formations characteristic of the initial and closing stages of the glacial cycle. 

Glassificaiiofb Adopted, 

The main subdivisions of the classification proposed depend upon the factors 
essentially concerned in the processes of the glacial cycle, viz., temperature, precipitation, 
slope and denudation. Certain subdivisions are, however, based upon the “ size ” 
and the “ relief ” of the land upon which the ice rests. Fig. 67, which again shows 
the three different zones of the ice sheet during any of the maximum stages of the glacial 
cycle, gives the main subdivisions grouped beneath the zone to which they naturally 
belong. Some forms which are the result of a peculiar balance between the conditions 
predominating in the three zones, and are also dependent upon their position at sea 
level, are grouped together in a fourth division. 

It is considered that all Land-Ice sheets and streams must fit into the classification 
here outlined, though many cannot be referred directly to a single type. The ice covering 
of any land in an advanced state of glacierisation, if fully developed in all three zones, 
would be described as a sub-type of (i) in zone I, plus a sub-type of (ii) in zone II, plus 
a sub-type of (iii) in zone III. 
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Where less fully developed, any of the sub-types might be missing. Thus, the glaciers 
of the Alps will consist of a gathering ground (zone I) of either type i (c) or (d), which 
may or may not be prolonged by a glacier proper (zone II) of type ii (b). The “ expanded 
foot glacier ” of Gilbert may arise in a gathering ground of type i (o) or (d), continue 
through the zone of predominant movement as a glacier of type ii (6), and debouch 
upon the plain at the foot of its valley as an ice sheet of type iii {a). The normal ice- 



formation of the Ajitarctic Continent at its greatest development commences as an 
ice sheet of type i (a), passes the zone of predominant movement as a glacier of type ii {a) 
or (b), and pours into the sea, either as an Ice-Tongue of type iii (b), or as a portion of a 
sheet of type iii (d), or may be absorbed in a piedmont of type iii (c), or in a mass of 

ice (of varying origin) of type iv (a). The ice covering of any strongly glacierised island 
is of type i (b).f 

* To tliese three types must he added Type IV. Ice Formations of the Zone of Balanced Forces : 
(a) Shelf-Ice. 

t Occasional anomalies will occur in this as in other attempted classifications. Thus the “ ice slab ” 
of H. T, Ferrar is a glacier which is cut off from its gathering ground and lies inert in a portion of the valley 
formerly occupied by the ancestral normal ice-form of which it is a remnant. It occurs wholly within the 
zone described here as the “ area of predominant movement,” and yet is a typical example of an ice 

remnant in the characterisation of which the agents of denudation play by far the most conspicuous 
part. 
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(5) Definition and Examples op Individual Sub-Types. 

Type I. — Ice Formations op the Area op Predominant Supply. 

The various sub-types of this class — ^the ice-forms of the areas where supply is 
predominant over all other factors — represent the successive stages in the conflict 
between supply and land-form. 

Progressively from (a) to (6) and from (6) to (c), the factor of land-form becomes 
of greater importance. Sub-types (d) and (e) depend for their existence upon land- 
form and are of small size, though of greater importance than many other types from a 
physiographical point of view. The method of evolution from sub-type {e) to sub-type {d) 
is still a matter of controversy, while the effect which the ice-forms of sub-type (d) have 
upon the land-forms in which they have their being is still not well understood.* The 
characteristics of the various sub-types are defined as follows : — 

Sub-type I (a). — Continentcd-Ice. 

Definition. — A ContinentcU-Ioe'^ sheet is the ultimate resuit of the profound glacierisotim 

of a large land mass. The oriteria of a Continent<d--Ice sheet cure ih^ size of the Icmd 
tnass upon whi<^ it rests^ lohich must be very large, and the fact that ail or the majority 
of the irregularities of the surface of the Icmd cure swamped by the accumulation of 
ice upon it, and are therefore not reproduced in modified form on the surface of the 
ice shed. 

T’he margins of a sheet of Continental-Ice may show undulations due to land forms 
beneath it, but it is tlien passing into " Highland-Ice ” of sub- type i (c). 

(The equivalent of “ Continental-Ice ” in previous classifications will be found 
under Inland-Ice ” (Drygalski, Gourdon and Ferrar), “ Greenland Glaciers ” (Heim), 
“ Continental Glaciers ” (Nordenskjold), Ice-Cap Type ” (Hobbs). 

A hypothetitjal section through the Continental-Ice of the Antarctic Continent 
is shown in Fig. 58. 





Sub-type I (6). — Island-Ice. 

Definition. — The ice sheet covering a small isolated, heavily gladerised land mass 
{Island). 

The minor irregularities of the land are swamped as in the case of Continental- Ice, 
but the small size and relatively steep slopes of the island cause the ice to assiime a 
dome shape which is most characteristic. 

* These questions, as applied to Antarctic conditions, arc discussed in the Physiographical Memoirs 
of the Expedition. 


^ Afr 



Tlie dome may be continued out to sea by a flattened selvage of ice, if precipitation 
is sufficient to cause great accumulation and rapid outward movement, which pushes 
the boundary where supply is balanced by denudation well beyond the island 
shore. 

Through insufficient supply and increased temperature, Island-Ice will be transformed 
into a combination of Highland-Ice (sub-type I (c)) and glaciers of sub-type II (ct) 
or (6), or, if the island is very small and somewhat steep, it may disappear altogether 
under the disruptive influence of the sea forces. (Its equivalent in previous classifications 
is the “ Local Ice Cap ” (Ferrar), and “ Ice Cap ” (Nordenskjold), and it is included 
presumably in the glaciers of Greenland type of other authors.) 

Fig. 59 shows Island-Ice with and without a floating selvage. 



Suh-type I (c). — Highland-Ice. 



Island Ice wii’hoiii* 
efloahng selvege 


Cliaractcriatic of tho 


Definition. — A compo/ratwdy ihm, hut continuous, ice sheet, overlying any flat or 
undulating land surface and conforming to a considerable orient to the irregularities 
of the land upon which it rests. 

Highland-Ice is the result of the glacierisation of the highlands and uplands of a 
land mass which is not completely swamped beneath a sheet of Continental-Ice or Island- 
Ice. The essential difference between this and the two sub-types previously defined is, 
that the shape of the upper surface of the ice conforms to all the major unevenness of the 
land-forms upon which it rests.* 

By a process of starvation, Continental-Ice may be resolved into several sheets 
of Highland-Ice. This process seems to have taken place recently in Spitsbergen, 
where the former Continental sheet has been resolved comparatively recently into 
three separate sheets of Highland-Ice, separated by naked ridges of rock. In the 
Antarctic, numerous examples can be seen of sheets of Highland-Ice which have been 
left behind during the recession of the ice, and also of others which have probably never 
been other than local in extent. 

* If an illustration from human experience may be cited, the essential difierenoe between a sheet 
of Continental-Ice and one of Highland-Ice may be defined as Equivalent to that between a “ crinoline ” 
and a “ directoire ” dress. The former conceals the contours of the form which it covers ; the latter 
outlines the form in softer contours than may actually exist in nature. 
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Fig. 60 is a diagram of a sheet on the plateau-like surface of a cape in Kobertsoli 
Bay. This sheet is also shown in Plate CVII. Plates CVIII and CIX are other typical 
examples of slieets of Highland-Ice which exist in South Victoria Land. 



Icefoot 


00.— Tho filioot of HighlancWco on Cape Barrow, the northern extremity of the coast of 
Robortrton Bay. The undulating contour of the upper surface of the ice is well seen. 


(Highland-Ice as defined above appears to he included by previous writers under 
the terms — “ Norwegian Glaciers ” (Heim and Werth), “ Local Ice Caps ” (Ferrar), 
“ Inland-Tce ” (Gourdon), “ Ice Cap ” (Nordenskjold and Hobbs).) 


Svh-ty^e I {d). — Cwm-Ice. 

Definition. — Tha ics wms ocmpyin^ a cwm,. (Also called “ oorrie ” and “ cirque ” by 
many writers.) 

The “ cwm,” or “ corrie,” is a well-defined physiographioal feature whose existence 
is admitted by all students of land-form who have personally visited countries partially 
inundated by ice, but the mode of formation of this land-form is still within the realm 
of controversy.* 

The method of formation of the cwm will he discussed elsewhere ; for the present, 
its existence must he taken for granted. The ice mass which occupies the majority 
of the cwms of glacierised countries must be classed as a distinct sub-type in itself and 
it belongs naturally to the area of predominant supply .f (Plates CX and CXI.) Cwm- 
Ice is usually of so small a size, and is normally so embedded in steep rook slopes, that, 
where supply is not in excess of wastage, it would be very evanescent. That it may 
quickly disappear, even in countries where the snowline is close to or below sea level, is 
attested by the number of empty or half-empty cwms which may he seen in the more 
wind-swept regions of the Antarctic. Such empty or partially-filled cwms give a 
strikingly characteristic appearance to Antarctic scenery at high levels. J 

The maximum development of Cwm-Ice will be found at an early or late stage of the 
glacial cycle. As that cycle approaches a maximum, the Highland-Ice, and later the 
Continental-Ice sheets, encroach more and more upon the hitherto inviolate mountain 
sides, and the cwms with their quota of ice and snow are absorbed into the sheets of 
Highland-Ice, or swamped beneath the margins of the Continental-Ice. The larger ice 


* For stiKlioB of tho evolution of Antarctic Ownw from two points of view the reader is referred to the 
Physiographioal Memoirs of the Expedition. 

f The cwm glacier owes its existence to a very exact balance between, the forces of supply and 
denudation. A slight change in either of these forces would cause its total disappearance, or its growth 
into a “ spill-over ” glacier headed in a cwm. 

J There are also numbers of low-level cwms in the sides of the Beardmore Glacier and on the shores 
of the Boss Barrier in the neighbourhood of Mount Longstaff, which have the typical cwm shape at the 
back, and whose floor lies apparently a little below the upper ice level of the Beardmore and the Ross 


Barrier (Plate CXI). 
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sheets of the advanced stages of the glacial cycle play, however, a predominantly con- 
servative and protective role upon the surface of the land. The cwms of the advancing 
ice age remain intact and, to a great extent, unmodified, beneath the Continental-Ice. 
The recession of the latter in the later stages of the glacial epoch once more uncovers 
them to form the parents of the greater cwms of the future. 

In the final stages, the retreating ice will lay bare the sides and bottoms of the 
cwms themselves. Then, in the minor irregularities of their surface, snow and ice will 
remain or collect, and gradually fresh scalloped depressions of smaller area will be 
initiated within the parent cwm. As these increase in size, the ice masses within them 
may also ^ow, and a slight local increase of precipitation may cause the ice to spill over 
the rim and form what may be termed “ spill-over ” glaciers. Similar glaciers, heading 
in secondary scallops and extending out into the main cwm bottom, might also remain 
as remnants of the pre-existing cwm-ice of the earlier stages of the cycle. In either 
case the result would be the same, and the typical “ Alpine ” glacier of Hobbs appears 
to be nothing but a single specimen, or a collection, of such “ secondary ” cwm glaciers. 




Fig. 61, — Cwm-ice ocoup 3 dng small cwm on hillside. Fig. G2. — Cwm-ico with ‘^spill-over'* glacier draining it. 

Cwm-Ice is usually developed on a much smaller scale than the sub-types previously 
described. 

It is defined entirely by reference to the shape of the depression which it occupies 
or forms. The formation of the cwms has been ingeniously ascribed to “ bergschrund ” 
erosion, but in many cases — especially in the Antarctic, where bergschrunds are the 
exception rather than the rule — this explanation does not seem adequate to account for 
their prevalence and size. Cwms and masses of Cwm-ice are extremely common 
features of the highlands of the Antarctic Continent, as they are, indeed, of all 
glacierised lands, and they give, perhaps more than any other single land or ice form, 
a characteristic appearance to those regions. 

(Cwm-ice has not until recently been differentiated as a separate sub-type. Cwm 
glaciers have, however, been defined by Hobbs, and most of those which spill over the 
edge of the cwm would be included in the definitions “Alpine ” glaciers, “ Oladers 
proprement and “ hanging glaciers ’’ of other authors.) 

Fig. 61 is a section through Cwm-ice, and Fig. 62 through Cwm-ice with a “ spill- 
over ” glacier. 
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Bvb-type 1 (e). — Snotodrift-lce. 

Definition. — PeTinmient atbd seiwi-perman&rit 'niass6s of ice or n^ve, which a/re formed 
hy the accumulation of drifted snow in the lee of projections, or in depressions of the 
ground. 

Such, a collection of drift snow can only persist long enough to merit the adjective 
“ permanent ” under fairly severe conditions, and Snowdrift-Ice is the initial ice-formation 
from which most Cwm-Ice seems to originate. 

By increase of precipitation or decrease of temperature, or both, the masses of 
Snowdrift-Ice collected in the depressions of an upland region, or between the ribs of a 
mountain, may coalesce, and grow to forin a sheet of Highland-Ice, and this in its turn 
may join with its neighbours and thicken to form a sheet of Continental-Ice. Thus, 
the relationship between all types of ice produced in the area of predominant supply 
is essentially dependent upon these factors. 

Snowdrift-Ice may collect in the Antarctic at any altitude. At sea level, such 
consolidated drifts may play a prominent part in the formation of the Icefoot, and they 
have therefore been termed “ Icefoot ” by Gourdon and “ Icefoot Glaciers,” by 
Nordenskjold. Though typically developed in the Icefoot region, however, their 
occurrence is so universal and their characteristics so independent of their position, 
that the writers consider a name associating them with a definite coastal ice-formation, 
which may itself owe its formation to any one of several processes, to be a mistake. 

The method of origin is best indicated by the name now adopted. Snowdrift- 
Ice round the coast exercises a predominantly preservative influence on the land upon 
which it rests, as it protects the latter almost entirely from the inroads of the sea. 

In other positions, however, masses of Snowdrift-Ice do assist to deepen the 
depressions in which they lie. The method by which this is done, and the method by 
which Snowdrift-Ice may entrench itself to form Owm-Ice, cannot be discussed here. 

This ice-form has not been dignified by a special name in the earlier glacier classifica- 
tions, but it is of so widespread occurrence, and has such an interesting significance 
that no classification could be considered complete without its inclusion. 

Amongst the examples in the Antarctic are numbered nearly aU of the smallest 
Antarctic ice-forms, but on occasion Snowdrift-Ice may assume considerable dimensions 
along the coast without passing into another sub-type. These ice masses have a 
considerable significance as transporters of rock dibris. 

Their position in the present classification is difficult to decide, but, if they are to 
persist sufficiently long to make them worthy of inclusion at all, supply must at least 
equal wastage.* Since the factors limiting their size are usually the shape of the 

* It is a significant fact that, at or near sea level, Snowdrift-Ice masses never appear to deepen the 
depressions in which they lie sufiftoiently to enable the latter to pass over into owms. This is difficult to 
understand if cwms are due solely to “ bergsohrund ’’ erosion. “ Bergsehrunds ” are not common at 
any level in the Antarctic, and they certainly do not occur in the masses of Snowdrift-Ice, which are met 
so frequently at low levels. It would appear that some other action besides “ bergsohrund ” erosion is 
essential to convert snow-drift depressions into cwms. Cwms, occur in the Antarctic at sea level, but 
may not have originated there. Their position is probably due to a general subsidence of the coastline. 
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depression which they occupy and the size of the projections in the lee of which they 
lie, in practice supply -usually exceeds wastage. A considerable quantity of the 
available drift is unable to find a lodgment, and is swept away “ down wind.” If supply 
does not exceed wastage, the snow-drift will quickly dwindle, and will be entirely 

removed in a very short time. Similar, 
but temporary drifts are, indeed, com- 
mon in South Victoria Land, and may 
form and be removed several times a 
year. So quick is the change of snow 
into ice, however, that even these 
seasonal drifts may sometimes have 
the lower layers of the snow converted 
into ice. When examined, they cannot 
then be distinguished from their more 
permanent relatives ; but this does not 
matter, since they fall very well within 
the definition of the same sub-type of 
ice-form. 



Kg. 63.— Snowdri!t-Ioe fonned as a portion of an icefoot 
along a steep ooaat. This belongs to the icefoot glaoier 
type of Nordenskjold and Gourdon. 


Diagrams of Snowdrift-Ice formed in the lee of a cliff and in a more gentle depression 
are shown in Mgs. 63 and 64, Plate CXII is a photograph of a typical accumulation of 
Snowdrift-Ice which has become incorporated in the Icefoot, and Plate CXIII is a 
photograph of Snowdrift-Ice formed in a partial lee on Inexpressible Island. 



Type II. — Ice Foemations op the Area op Predominant Movement. 

. This class includes practically all the distributaries from the various ice-forms 
ncluded m type I. The characteristics of the glaciers of type II — ^for the ice-forms 
included in this division are true glaciers — are their relatively steep slope, their 
frequently rapid movement, and the fact that they are the connecting-lmk between the 
ice-sheets of the upper regions of the land mass and those of the foothills and plains. 

Two sub-types are recognised according as the diffluents are, or are not, confined 
by valley walls. 
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8uh-type {II) a. — WaU-Sided Glcbd&rs. 

Definition. — Steams of ice originalmg i/n, cmdfed by, uph/nd ice {ice of type I) of any 
descriptiony and flowing down towa/rds sea level unconjmed by cmy ma/rhed valley 
wall. 

The ice sides of wall-sided glaciers overtop the ground to right and left of them. 
Should they occupy a depression, it is one unconnected with their own erosive action 
as a rule, and, in any case, the depression is relatively slight. The wall-sided glacier 
is often a comparatively recent remnant left by the irregular breaking back of a sheet 
of Highland-Ice or the thin margin of the Continental-Ice, or it may be a recent local 
extension of either of the above ice-forms due to a recent local increase of precipitation. 
The two sub-fcypes may usually be distinguished by their form at their junction with the 
parent mass, and they are shown diagrammatically in Figs. 65 and 66. Wall-sided 


Fig. — Wall-Bulod distri batary, due to local Fig. 66. — ^Wall-aided distributary, due to 

advance in Highland-Ice. . retreat of Highland-Ice. 

diffluents from a sheet of Highland-Ice are shown in Fig. 67 and Plate CXIV. A lobate 
form with wall sides may be displayed by a glacier which is an overflow from a local 
firnfield, or a cwm, as in Plate CXV, which shows a small glacier near Warning Glacier 
in Robertson Bay. Plate CXVI shows one from the Ferrar Glacier region. 

(Tlaciers of this sub- 
type arc not nearly so 
common as valley glaciers, 
sin<ie the tendency is 
naturally for the main 
ice drainage to follow the 
valleys of the water- 
drainage system, which 
will have been deeply 
eroded during the period 
of heavy precipitation 
and torrential streams which is likely immediately to precede the inception of a glacial 
cycle. An additional reason for the preponderance of valley glaciers is the fact that, 
while ice sheets of type I exercise a predominantly conservative effect upon the 
land surface beneath them, ice streams of type II, where movement is important, 
will tend to lower their bed, except where they occur in such positions that sub-aerial 



Pig. 67.— -Wall-sided distributaries from Highland-Ice at Cape Barmw, 

Robertson Bay. 
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weathering is able to keep pace with their activities. Such a condition may be found 
in the case of glaciers flowing down the side of a relatively steep clifl face, as at Cape 
Barrow. The ultimate end of the glaciers in question is, however, likely to be brought 
about at no very distant date by the undermining action of the sea upon the rocks 
on which they lie, an action which is slowly taking place in spite of the protective 
influence exercised by the Icefoot. 

(This sub-type is not recognised in previous classifications, unless by Courdon in 
his sub-division — Glaciers propremeni dit ( (&) Glaciers plat)’^ — It will, of course, fall 
within the category “ mountain glaciers ” of Nordenskjold.) 

Suh-type Jl (6 ). — Valley Glaciers. 

Definition. — Streams of ice originating from and fed by upland ice {Ice of type I) of 
o/ny description, andflomng down definite valleys towards sea-level. 

To the above type must be assigned all “ entrenched ” distributaries of Continental- 
Ice, Highland-Ice and Cwm-Ice. By far the greater number of true glaciers belong to 



Fig. 68. Tramaveree section through valley glacier. Fig. 69. — ^Tranavorse section through wnll-.si(lo(l glacier. 

this type, which is represented in previous classifications by the “ Alpine ” type of 
Heim, Werth and Ferrar ; the “ hanging glacier ” of Ferrar and Gourdon ; the 
“ Glaciers proprement dit— {a) Encaisses glaciers ” of Gourdon ; and the “ mountain 
glaciers ” of Nordenskjold. 

The essential characteristic of the valley glacier as opposed to the wall-sided glacier 
is, as the name suggests, the valley in which the glacier lies (Figs. 68 and 69). This 

valley may have been wholly 
or partially excavated by the 
ice itself, or may be merely 
“ inherited ” by the ice, and 
have remained substantially 
unmodified. This will de- 
pend in the main upon the 
age of the glacier, but it is 
quite irrelevant from the 
point of view of the present 
classification. 

A longitudinal section 
through a typical valley 

glacier is shown in Fig. 70, 
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Fig. 70.— Longitudinal section through a volley glacier. 


the valley glacier being that portion of the ice-formation which lies between the vertical 
dottecl lines, l^lates CXVII and CXVIII show, respectively : — 

(1) A valley glacier draining Continental-Ice. 

(2) A valley glacier draining Highland-Ice. 

The above glaciers should be included within the confines of the sub-type at present 
under consideration. 

Valley glaciers are characteristic of all but the initial and closing stages of the 
glacial cycle, though, when extreme glacierisation occurs, they will be hidden beneath 
the upper layers of the Continental-Ice, and will thus not appear as a recognisable 
type. It is through the medium of these entrenched ice streams that the most effective 
glacial erosion takes place. 

Type HI,— Ice Formations op the Area op Predominant Wastage. 

Tlie ice-forms grouped together under t37pe HI, as being characteristic of the area 
where denudation is predominant, all owe their existence to the debouching of the 
distributaries of type 11, or of the unbroken edge of Continental-Ice or Highland-Ice 
upon the plains, or into the sea, at the conclnBion of their descent from the highland 
or upland gathering grounds. 

They are arranged from (a) to (d) in order of increasing size ani importance. While 
the main mass of the ice composing them is derived directly from the glaciers ; direct 
precipitation and snow-drift — even, on occasions, sea ice formed between individual 
“ tongues ’’—-may exercise a considerable infiuence in augmenting and compacting the 
more ('.omplex types. 

In the main, liowever, the action most effective, and that which definitely limits 
tlie size of the individual ice sheets, is denudation by thaw, evaporation, ablation, and 
the molting and disruptive forces of sea and tide. 

It is these forces which give their characteristic appearance and shape to the ice- 
forms, an<i it is to these forces that their disappearance is finally due when supply from 
above, tran8mitte<l through the medium of the valley and wall-sided glaciers, becomes 
insnllicient or fails altogether, 

Biib-type III (a). — Bxpanded-Foot-Ice. 

Definition. lobe of ice foYvned beyond the f/iouth of ct valley gloMeT from which 

the ice debouches upon an unconfined plain. 

The typo of the “ expanded foot ” occurs in Alaska, and this is a form which is 
uncommon in the South Victoria Xiand region of the Antarctic.* Such an ice-form 
might rather l>e expected to be characteristic of a land where glacierisation is due to 
exces.sive precipitation in a country where the snow-line is above the base of the mountains. 
In such a situation, examples might be expected of ice pouring down valley glaciers, in 
such volume aijd with such a speed that it would be able to make headway against 

♦ It is only in such anomalous regions as the Dry Valley of the Taylor Glacier that this ice-formation 
is likely to occur in Antarctica (Plate CXXV). 
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denuding forces wMcli would otherwise have been sufficient to remove the greater 
portion of the more stagnant ice at lower levels. 

At a certain stage of the glacial 
epoch in such a land, numerous discon- 
nected lobes at the end of such valley- 
glaciers might be found if the foothills 
were bordered by a sufficiently broad 
coastal plain. In the Antarctic, con^ 
ditions are more favourable to the 
development of Piedmont-Ice, Confluent- 
Ice, and floating Ice-Tongues. 

(This type of ice has not been in- 

Fig. 71. — Diagram of Expanded-Foot-Ico. 

eluded in previous Antarctic classinca- 

tions. It appears, however, to be a sufficiently distinct ice-form to merit notice and it is 
genetically related to the more common forms which follow (Fig. 71).) 

Svb-tyfe III (h). — Ice-Tongues Afloat. 

Definition. — Ecctensions of the ice of glaciers of Type II which persist so far out to 
sea that their ends a/re afloat. 

The Ice-Tongue afloat is perhaps the most striking of all the Antarctic land-ice forms. 
Indeed, this has been so much the case that Ice-Tongues have been mapped by 
expeditions, the personnel of which have never even descried or named the glaciers to 
which the Ice-Tongues owed their existence. Subsequent discovery and exploration 
of these latter has commonly led to the allotment of a difierent name to the glacier, and 
thus Antarctic glacial nomenclature has become unduly complicated. Examples are 
the Drygalski Ice-Tongue, which has its origin in the David Grlacier, and the Nordenskjbld 
Ice-Tongue, which is fed by the Mawson Grlacier. 

The characteristics of the Ice-Tongue are, first and foremost, the long sub-triangular 
shape ; secondly, a contour very gently convex from side to side and shelving gradually 
from the shore towards the sea end until the free floating portion is reached, when the 

upper surface becomes a horizontal plane. Crevasses are 
usually few at the seaward end, and the Ice-Tongue will 
be bordered aU round its seaward face by sharply-defined 
perpendicular cliffs which lie between the limits of 10 and 
200 feet in height. 

The seaward end of a well-developed tongue rises and 
falls freely with the tide, and a tide-crack between it and 
the sea ice is therefore usually ill-defined or absent 
al-together. Forward movement may be rapid or slow. 

Fig. according to the degree of nourishment afforded to the 

tongue by the glaciers or ice sheet behind it. 

A plan and section of an Ice-Tongue are given in Figs. 72 and 73, and of an actual 
ease of a triple Ice-Tongue fed by two glaciers in Fig. 74. Photographs of portions of 
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Ice-Tongues are shown in Plates CXIX and CXX. The Shackleton Ice-Tongue on 
the coast of Queen Mary Land is the greatest example known, and extends out into the 
sea for a distance of nearly 150 miles.* 


s 


Kij;. 73. — iJiugrainmaiic soctiou oi a lloating loo- Fig* 74,— Plan of tlio triple Icc-Tonguo of the Murray 

Tongue, and Dugdale Glaciers, Eobortson Bay. 

(loc-Tongues liave been noted in previous Antarctic classifications, being grouped 
by (lourdon under “ piedmont glaciers,” and by Ferrar as “ piedmonts afloat.” It is 
not clear whether Nordenskjrild would refer them to his type ” shelf-ice ” or true 
“ piedmont glaciers.” Hobbs would apparently class them as “ piedmont glaciers”.) 

S'(d)4ype III (c). — FiednmU-Ioe. 

The original description of a piedmont glacier, which was created as a special type 
after the detailed examination of the Malaspina (Ilacier by American glaciologists, was : — 
“ l*iedmont glaciers are formed on comparatively level ground at the bases 
of mountains, whore the ice is unconfined by highlands in most directions and has 
freedom to expand. They are fed by glaciers of the alpine typo, which spread 
out and unite with one another on leaving the valleys through which they descend 
from snowfields at higher elevations.” 

Tliis description, with slight modification to extend its scope, will include all true 
l^iedmont-Ice met in the Antarctic. 

Dki^nition. In tlie present classification, Piedmont-Ice may be defined as Ice 
b'heeta, of lohich the main original mass was formed by the coalescence of the ice 
spreading out frotn two or m<yre wall-sided or valley glaciers^ over a comparalivdy 
level -plain at the base of the mountain slopes dow-n -which the glaci&rs descend. 

Piedmont-Ice may also be formed, under suitable circumstances, by the overflow of 
the unbroken side of a sheet of Highland-Ice or even the edge of Continental-Ice. It 
may be left entirely isolated by the cutting off of the supply of ice from above, and will 
then remain as a stagnant remnant skirting the mountain slopes. The former abundant 
supply of Piedmont-Ice in tlie Antarctic has dwindled cionsiderably in recent times. 

♦ From the maiw of th« Mawson Expedition, it appears to bo very doubtful whether the narrow 
pontoon-like prolongation of the Shackleton Shelf-Ice really is an Ice-Tongue as defined above. 
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. a Kedmont-Ice sheet, wMoh is best known to the explorers of the coast 

of South Vitoria Land, is the Butter Point Kedmont to the south of the entrance to 
the Perrar Glacier. (Kg. 76, Plate CXXI.) 

A much lai^ example exists to the north of the latter glacier (Fig. 76). This 

has been named the Wilson Pied- 
mont. 

Before the local decrease in 
precipitation — ^assisted possibly by 
local differential earth niovenients — 
largely decreased the supply to the 
Ferrar Glacier, these two piedmonts 
were in all probability connected to 
one another by floating Ice-Tongues 
protruding from the valley of the 
■mj_ Mg Q, * I 1 ST, T. latter and from the Taylor Valiev to 

Fig. 75.— Skotoh plan of Butter Point Piedmont-Ioe. xi, . i * ^ ^ 

tne north.* 

con. J*** of the piedmont are :-(a) great length along the coast in 

onn.rrrt ® multi-lobate seaward end with the projections 

opposite the prmcipal glaciers by which it is fed; (c) a gentle slope towards the portion 




ahu^g ag^t the shore; (d) an absence of crevasses, except in the areas where the 
feedmg ^lers pour m their fresh supplies of ice. 

Pietoont Ice may also be complicated by the occurrence of floating Ice-Tongues 
where the more v^rons tributary glaciers have pushed their ice over the edge of^e 
coastal shelf on which the main ice sheet rests. ® 

• Por detaUed dMoription of UiMe sheets of Kedmout-Ioe, see Chsplei VI. ’ 
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It may also have its shoreward slope accentuated by an accumulation of snow 
precipitated or drifted against the mountains to its rear. In the latter case, a 
considerable portion of the ice supply of the Piedmont-Ice may be derived from the 
consolidation of this snow,* and the result in such cases may be seen in a more regular 

outward movement of the ice along its entire face, with a much simpler seaward outline 
in consequence. 

A similar simplicity of outline may result of course from a narrowness of the coastal 
plain on which the ice is supported. Then, if the ice supply is not sufficient to cause the 
persistence of floating Ice-Tongues, the ice may break off roughly along the outer margin 
of the rock shelf beneath it, and a simple cuspate border will result. Piedmont-Ice 
bordered by the sea will usually be fronted with a steep clifl whose verticahty is main- 
tained by the undermining action of the waves. Piedmont-Ice resting on a coastal 
plain well above sea level will generally have a more rounded face (Pigs. 77 and 78). 



J'’ig. (sllll «f ending in the sea. 



Fig. 78. — Frontal cliff of Plodmont-Ioe ending on land. 


* This is particularly likely to happen in the case of. a shifting of the zone of greatest precipitation 
from the centre of a glacierised continent towards the coast, or where, as appears to bo happening in South 
Victoria Land, gradual earth movements cause a restriction in the supply of ice from the highlands. 
1’he Continental-lco sheet may bo starved of snow while the coastal regions have a comparatively heavy 
snowfall. In cither case, the strong gales so common along a mountainous coast bordering a high cold 
])Iatcaii will tend to prevent the lodgment of the falling snow in the valleys transecting the coastal horst, 
and the greater portion will be driven into the sea or lie in the lee of the mountains. When, as in the 
Antarctic, Piedmont-Ice has formed on a suitable coastal plain along the foreland of such a coast, it is 
(fasy to imagine circumstances when the main source of supply to such a piedmont would thus be the 
snow which fell or was drifted on to its shoreward smrface. In course of time, such an ice sheet would 
owe its persistence to an entirely different set of circumstances from those which first caused its formation. 
This accounts for the somewhat tentative nature of the definition of Piedmont-Ice adopted in the present 
cdassification. A certain simplicity of outline and the stratification of the ice are the only visible differences 
between the ice of the original and secondary piedmont. Neither characteristic is a safe criterion on 
which to base a differentiation betwisen sub-types. Simplicity of outline may bo caused by other agencies, 
and, in any case, the upper ice of the original piedmont, if it be of large extent and occurs in a country 
where the snow-line b at or below sea level, is likely to consist largely of stratified snow-ice formed in a 
similar manner. 
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Svib-tyfe III {d). — Confluent-Ice. 

DETOOTION.-Zce in formed by the coaleecence of the Ice-Tongues from sewtalgUmers 
^ o defimteform and trend by the presence of a land-bar along (hew seaward 

to a you^ ooart such as Uiat of Soutk Victoria Land, with its numerous islands 
d^prominent pemnsuUs. it sometimes happens that the extensions torn several 

ZXtmT Of portion of the mountain range 

borders the ooastlme, may impmge against rook bars too high for them to override. 

Jt 


\ ^ /^^/Soorne 



T£: RRA. 

ATO VA 

BATsT 


Kg. m-Stow, pl„ oc Nov. B.y wgfo. Uiortng (l,.a™.t.Io. 


will -t assume the typical 

they differ so markedlv from tvni,. 1 v- j* important m size. Since 

that the coastal plain is not nec -Ice, both in their shape and in the fact 

.pm.. .5 .u, i'ZSS 

*mta O k .T flostiug IcTmgu.. Mid 

me relation to the mdividual Ice-Tongue as does Hedmont-Ice to Expanded 
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Foot-Ice. The outline of the ice sheet in plan is entirely dependent upon its confining 
boundaries. 

A good example of Confluent-Ice is illustrated in plan in Fig. 79, which shows the 
sheet produced by the coalescence of the Campbell, Corner, Priestley and many smaller 
glaciers. The contour of the ice is much like that of a free floating Ice-Tongue, if we 
except the tendency to bank up against the confining walls along its side. Plate CXXII 
gives a good idea of the surface of the same sheet of Confluent-Ice. 

Suh-type III (e). — AvaUmohe-Ice. 

Definition. — Ice masses fed entirely hy a/oalctnches from the edge of Continental-Ice, 
Island-Ice, Highland-Ice, or Owm-Ice, or from the ov&rhcmging end of a valley or 
wall-sided glacier cut off high on a meuntam side. 

Avalanche-Ice occurs in all known regions of the Ross Sea area of the Antarctic 
and, under the name “ Rimam^,** or ** reconstructed glaciers,” similar forms produced 
in the same manner have been described from most of the present glacierised land areas. 
As a rule, the avalanches are 
absorbed directly into some 
valley glacier or other ice-form 
occupying the valley bottom, or 
the lower ground on which the 
ice would otherwise fall. In 
deglacierised portions of the 
land mass, however — and these, 
though small in extent, are 
quite common in South Victoria Land-— a special form of typical “ talus ” or “ scree ” 
shape may be developed. The size of individuals is small, but examples are very 
numerous, and therefore a sub-type to include them seems desirable (Plate CXXIII). 

They may be complicated by the occurrence of an “ ice-apron ” which results 
partly from the accumulation of drift snow and partly from the refreezing of the thaw- 
water from the ice sheet or glacier above. An example is figured in Fig. 80 and a 
photograph of combined Avalanche-Ice and Ice-apron is shown in Plate CXXIV. 

Type IV. — Ice-Formations of the Zone of Balanced Forces. 

Of all the land-ice forms of the Antarctic Continent, those which have been provision- 
ally separated from the other three types and classed together as type IV are perhaps 
the most interesting and the most difficult of explanation. 

Amongst the ice sheets to be considered under this heading occur some of the largest 
masses of ice — certainly the largest masses of floating ice — ^in the world, and they appear 
to be peculiar to the Antarctic, where alone, apparently, the conditions for their formation 
and survival now exist. Many of the ice sheets of the “ zone of balanced forces ” have 
been examined in some detail by various Antarctic explorers ; many of the greatest 
Polar journeys have been commenced over their surface. They formed the greatest 



Fig. 80. — ^Avaloaoho-Ioe and ioo apron formod Iwnoath an 
overhanging valloy glaoior. 
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obstaolte to tlie earlier Antarctic navigators, wlio relied on sbips alone for the prosecution 
of their journeyings and did not contemplate land travel as a means of increasing the 
scope of their activity. The two first attempts to penetrate south along the shores of 
the Ross Sea area were frustrated by their presence. It was this fact that led Sir James 
Ross to give the name barrier ” to the greatest of all these ice sheets, since it barred his 
way towards the south for over 400 miles from east to west. 

The question of a name or names for this ico sub-type is one which bristles with 
difficulties. The desire to preserve historical continuity would tend to give a great bias 
in favour of the original name “ ice barrier,” were it not for the discordant fact that, 
what was the “ barrier ” to the earlier explorers later became the “ highway ” to more 
modern travellers. The presence of the Ross Barrier may be said to have lent its aid to 
the plans of Scott, Shackleton and Amundsen. Had it not occupied the deep indentation 
at the back of the Ross Sea, this might have been filled, or partially filled, with 
impenetrable pack, which might have defied the utmost attempts to enter it and to unveil 
the mysteries of the land behind. The attempts to reach the Pole must then have been 
made through the medium of the more northerly valleys of the Royal Society 
Range — probably the Ferrar Glacier valley. No one who knows Antarctic con- 
ditions would deny that the longer plateau journey would have added an immense 
extra handicap to the Polar explorer. “ Ice barrier,” therefore, while remaining a 
handy tenn to the navigator and seaman, for whom it still possesses a marked 
significance, must be ruled out as a scientific term for use as a generic name for the ice 
of the coastal zone of the Antarctic. 

Nordenskjold,* in his review of the ice in the Graham Land region of the Antarctic, 
has adopted the name “ Shelf-Ice,” which has also been used extensively by other 
writers. In many ways, the name appeals to the student of ice-forms. It is a simple 
name, and it suggests at once the shape of the ice-formation, which is usually shelf -like, 
while, at the same time, it indicates, as the original proposer of the term intended, 
that the ice sheets of this type lie in the main over the Continental Shelf. It is 
unfortunate, perhaps, that portions of the ice-formation to which the name was originally 
given may possibly be formed over projecting rocks and small islands, but if these 
islands are submerged or insignificant in size, as believed by Nordenskjold, their 
presence does not materially affect the question at issue, which is the origin of the ice 
mass as a whole. 

Other local terms^ have been used for these and other formations of indeterminate 
origin, notably the W esi&is ” of von Drygalskil ; but these are of purely local significance, 
and were used by the men who coined them, to enable them to preserve a conservative 
attitude towards the origin of the ice, until its extent, formation and characteristics 
had been studied in more detail and at greater length. 

On the whole, Nordenskjold^s designation, “ Shelf-Ice,” appears to be the most 
suitable^ and the writers can th ink of no other possessing such advantages as to justify 

* 0. Nordenskjold, loc. cit. 
f B. von Diygalsld, loc. dt. 
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the discarding of a name already in general use in scientific memoirs. It is therefore 
intended to gi’oup together all these coastal ice sheets, other than those which definitely 
fall within the sub-types of type III, as “ Shelf-Ice,” and to discuss the several probable 
methods of their formation with particular reference to examples actually met in the 
Ross Sea area, or to classical examples from other regions of the Antarctic. 

The formations grouped together under type IV have been designated as " ice- 
formations of the zone of balanced forces,” because the three factors upon which the 
main divisions of the present classification are based are each represented in varying 
proportions at different portions of the ice sheets and at different periods of the year. 
Supply may be partly through the medium of ice streams from the upland ice sheets ; 
and, indeed, in individual cases, it will be seen that this source of alimentation may 
be proportionately large. The typical source of supply is, however, from snow 
precipitated locally, or brought from a distance by the stronger winds. It is even a 
matter for consideration whether increase in thickness may not take place locally through 
the downward growth of the sea ice, from which portions of the Shelf-Ice sheets are 
believed to have grown, or by direct addition of frazil crystals from the water which 
certainl}'' underlies a great proportion of their area. 

Movement is present also, to a great extent in some cases, to a less degree in others. 
Where accumulation of snow takes place to a considerable depth, a definite outward 
movement will commence under the influence of gravity, and the ice mass will tend to 
thin ” itself by advancing outwards wherever advance is possible. 

This question will be thoroughly discussed in the chapter dealing with the Ross 
Barrier, the most interesting and largest sheet of Shelf-Ice met by the Scott Expedition. 
For the present, it is sufficient to record that movement is by no means negligible, 
though the slope of the land upon which the shoreward portion of the ice rests 
may be small and the greater portion of the ice mass may be floating freely in 
deep water. 

Finally, denudation must play an important part in the life-history of ^,ny ice, 
mass which has its origin and its existence near, at, and below sea level. The destructive 
and melting action of the sea severely limits the outward extension of the floating 
portion. The shoreward portion against the rook slopes of the mountain ranges is 
seamed with deep thaw gullies and bordered with deep radiation gullies, except where 
the snowfall is heavy enough to prevent their formation. The whole body of the 
smaller examples is often traversed and tunnelled by ice streams from the glaciers 
occupying the deep valleys of the mountains. The surface, if formed of snow, as is 
usual, is scored by the winds armed with their myriad chisels of drift snow ; if of ice, is 
polished as with emery powder. It cannot be said that denudation normally plays a 
predominant part in the life-history of these iCe-formations, but, certainly, it acts as a 
very prominent agent in determining their size and their appearance ; while, if supply 
is cut off for any reason, it will soon bring about their disappearance. 

The land-ice fringe which is a typical sign of the more advanced phases of the 
glacial cycle is fast disappearing from the continent. Even in recent times — ^between 
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1841 and tlie present day — ^the Boss Barrier, to take only a single example, lias broken 
back many miles. Every year, the ice of the coastal zone is retreating in South Victoria 
Land, and fresh rock islands are appearing to add to the irregularities characteristic 
of a young coastline of submergence. 

Several factors of varying importance can play their part in the building up of 
Shelf-Ice sheets, but two main methods of formation can be differentiated, according 
as it is believed that land ice or sea ice formed the principal element of the basal portion 
of the original formation. There appears to be no doubt that Shelf-Ice can be originally 
formed with either of these two types of ice as a base, and, although that formed from 
true glacier ice may be most common and of greatest extent and persistence, the type 
case to which the name was given is believed by its investigator to have originated 
chiefly upon sea ice formed in a comparatively land-locked and shoal area. 

&ub~ty^e IV (a). — Shelf-Ice formed originally of Land-Ice Extensions luiih or without 

Interstitidl Sea Ice. 


The greater portion of the Shelf-Ice met by British Expeditions seems to belong to 
this type. It is a logical outcome of the outward growth of a large number of free- 
floating Ice- Tongues projecting into a confined sea area. At the height of a glacial 



ITig. 81 .— iDia^rammatio saotion illustrating tho oai^liest stage in the formation of Shelf -Ico of type IV (a). 


period, it will occur still more typically developed as a result of the ordered overflow 
of the Continental-Ice over the mountain ranges of the coast, wherever these are low 
enough to permit such a spiUing over to take place. In the former case, sea ice may 
play a subordinate part in the original formation ; in the latter case, sea ice will not 
enter into its composition at all. In either case, the characteristics of Shelf-Ice, as at 
present understood, do not appear un til the contours of the original glacier ice and 
sea ice have been swamped beneath a heavy accumulation of snow. 

If we assume that the ancestor of the present Boss Barrier was formed during the 
advancing stages of the present glacial cycle largely by the coalescence of Ice-Tongues 
from the major valleys of the horst, with a certain amount of regional overflow ice 
from the local Highland-Ice sheets of the foothills, together with interstitial sea ice, 
a section across it from north-west to south-east in the initial stages of its formation 
would be as diagrammaticaUy shown in Fig. 81. 
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The or^nal irregular contours due to difiereuoes of level of different types of ioe 
would soon ^Mppear beneath a shroud of stratified ice produced by the leorystallisation 
pr^r^*82r°^^* snow-drift, and the ice sheet would then become Shelf-Ice 

If we Msume that the recent glacial cycle in the Antarctic never reached an 
intenaty sufficient to cause a complete overflooding of the coastal horst with ioe. this 
ice sheet would not have changed essentiaUy in nature between that time and the 

A. 
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Kg. 82. — Stage 2 in the formation of SheU>Ioe of type IV (o)'. 

present day. The relative proportions of glacier ice and snow ice would change, the 
former first increasing with the greater flow of ice from the highlands as the maximum 

of the ice age approached, and then decreasing as the glacierisation of the land became 
less intense. 

From an early stage in the history of the ioe mass, the accumulation of snow would 
generally be sufficient to 
press the original sea ice 
downwards and outwards 
to a zone where melting 
from beneath would soon 
eliminate it as an element 
of importance. Its original 
vole as a raft for snow 
would now be fulfilled by 
the snow which had itself 
collected upon it in earlier 
times. 

As time progressed, 

and the proportion of soctiona through Shelf-ioe of type IV (o) opposite a -ralley. 

... 1 , 1 * i ® greater volume of glaoier ioe poured down the valley causes this 

snow CO ice increased, the » greater importance in the ultimate composition 

, . . . . of the Shelf-Ice than elsewhere. ' 

glacier ice m its turn 

would be swamped beneath the accumulation and entirely obliterated, except where 
the decreasing valley glaciers of the horst were still vigorous enou^ to plough 
iheir way into the rear portions of the Shelf-Ice. Figs. 83 and 84, which are sections 
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from base to snout of a sheet of Shelf -Ice of this type opposite a tributary glacier, and 
Figs. 86 and 86, which are sunilar sections opposite one of the higher portions of the 
coastal mountain wall, will serve to indicate diagrammatically these stages in the 
formation of the sheet. As the original source of glacier ice is left behind, the propor- 
tion of snow to ice increases, 
the majority of the ice is 
removed by melting from 
below, and, finally, at the 
sea face no true glacier ice 
remains at all. We have 
here a stratified mass of 
snow-ice of such small 
density that the proportion 
above water is as much as 
one-fourth or one-fifth of 
the whole. 

Icebergs calving from 
such a face will consist of 
stratified snow-ice alone. 
That this is the case with 
the bergs forming ofi many 

bodies of Shelf-Ice at the 
present date, is shown by the fact that most Antarctic icebergs met in the Victoria Land 
region have this comparatively large proportion of their mass above sea level, and, 
when overturned in the course of their denudation, the same stratified ice of low 
specific gravity can be seen throughout the lowest layers.* 

The chief characteristics of such a sheet of Shelf-Ice are 

(1) A shape conforming to the boundaries of the indentation of the coast which 

has favoured its formation, or, if it has survived in the lee of a straight 
coastline, as sometimes happens, a simple, almost straight, seaward edge ; 

(2) The fact that its seaward end is usually floating freely in deep water ; 

(3) Limiting cliffs at its seaward face, which are perpendicular, as in the floating 

or Piedmont-Ice which fronts the sea ; 

(4) Broa,d undulations where it abuts against obstacles in the shape of rock islands ; 
(6) Distinct pressure ridges and orderly systems of crevasses in the neighbourhood 

of the major tributaries which feed it. 



Its upper surface, with the exception of the minor irregularities mentioned above, 
m sweep gently do’^ until the seaward edge of the stranded portion is reached, and 
from there will continue as an almost horizontal plain to the seaward face. Broader 
undulations may mark the presence of well-defined tributaries, but these rises will tend 

* The of many Antarctic glaciers is beautifully stratified, but close examination will show that 
It IS of greater density and larger grain than typical SheH-Ice. 


166 



to be masked to a considerable extent, the depressions between them being filled with 
drift snow. On the other hand, when the accumulation of snow is at or near its 
maximum, the areas where the principal glaciers pour in their quota of ice may be 
markedly lower than the remainder of the shoreward portion of the sheet, since the 
valleys tend to concentrate the wind and thus to increase ablation, remove precipitated 
snow, and prevent accumulation of drift. 


Sitb-type IV (b). — Shelf-Ice originally formed mairdy o?" erbti/rdy by the Accumulation of 
Snow upon Sea Ice which has persisted for several Seasons, 

The area of Shelf-Ice occurring in the Boss Sea region which can definitely be 
assigned to this cause is ne^igible. It is probable, however, that an ice-formation 
sighted in the Discovery Expedition to the east of King Edward VII Land may belong 
to this category, while von Drygalski has claimed a similar origin for his “ West-Eis” 
and Nordenskjold has ascribed a large ice-formation to the same agency. In addition, 
certain observations of the British Antarctic Expeditions have proved the persistence 
of small areas of sea ice in sheltered or otherwise favoured positions for several years 
together, and there appears no reason why, given favourable seasons, this persistence 
should not continue on a much larger scale as regards both space and time. 

The principal enemies to the persistence of sheets of sea ice are tides, swell, winds, 
advancing Ice-Tongues, summer thaw and ablation, pressure, changes of temperature, 
etc., and the work of all these is studied in some detail in other chapters of this memoir. 
Normally, the fast-ice* sheet is weakened during the winter by the formation of a network 
of cracks due mainly to the last two factors. Its disintegration is hastened in summer 
by thaw and swell. Winds speedily carry northwards the loosened portions. 
Tide-cracks and the thrust of advancing Ice-Tongues prevent that close adhesion to 
the land which might otherwise defy the power of the remaining agents of destruction. 

Still, situations do occur where the destroying forces are, for various reasons, shorn 
of a considerable portion of their power, and, where the fast-ice does remain, it increases 
steadily in thickness and also, if the situation is favourable, becomes heavily snow- 
covered. Favourable situations for its persistence are deep land-locked bays unoccupied 
by advancing land-ice formations. If such bays are on a lee shore, the conditions are 
still more suitable, for, though the wind exerts a considerable “ drag ” on a sheet of level 
fast-ice, the lee prevents the rise of a heavy sea and so diminishes the mechanical effect 
of the wave action. Examples of such situations where fast-ice has remained for several 
seasons may be cited at the head of McMurdo Sound, both near the " Pinnacled Ice ” 
to the west of the sound and at Hut Point. These are, however, the only striking 
instamjes which have been noted along the whole of the considerable stretch of Soutli 
Victoria Land which has been studied by the British Expeditions for several years. 
The area affected is very small, and the accumulation has been limited, in one case to 
two seasons, and in the other to three or four at most. Still, the fact remains that 
the persistence has occurred, if only for a limited time, and in a localised area. 

• Unbroken sea ioe, 
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A series of abnormally cold calm years might at any time cause a greater extension 
of this semi-permanent sea ice in various bays and nooks along the coast. If such a 
sheet were once formed and firmly established and much increased in thickness by the 
accumulation of snow from above, it would, given suificient snowfall, assume the 
characteristics of Shelf -Ice, and would become ** sealed ” to the land by the cementing 
of the tide-crack. It would then be likely to persist until the supply of snow was 
insufficient to enable it to maintain itself against the never-ceasing attacks of the sea. 
Indeed, given sufficient precipitation, it might grow in size out of all proportion to the 
area of the original piece of fast-ice on which it was based and to which it owed its 
formation. 

The coast of South Victoria Land, a young steep faulted coast, with deep water 
close off shore and with the majority of its islands swamped in other coastal forms of 
land ice, is not suitable for the persistence of sea ice, and it is not surprising that the 
known cases are few and far between. On the coast of the G-raham Land Sector of the 
Antarctic, on the other hand, the land is in places bordered by groups of islands, and 
these are interspersed with shoal areas which would also, by the collection of stranded 
icebergs, afford good holding ground for sea ice. 

Such a coastline affords an ideal situation for the accumulation of sheets of Shelf-Ice 
of the type now under consideration. Wave action over such shoals would be reduced 
to a minimum, the numerous islands and islets would combine with a somewhat irregular 
main coastline to shelter the fast-ice sheet, once it had grown to any thickness. Along 
a coast of this description, the conditions are ideal for the formation of semi-permanent sea 
ice, and it is from this coast that Nordenskjold’s type example of Shelf-Ice is taken. 
The Shelf- Ice of King Oscar Land appears to have been formed on semi-permanent 
fast-ice which had persisted for several years over a shoal, and had also possibly been 
held in position by emerged peaks in the shoal area. On this, snow accumulated until the 
original sea ice of the sheet had been depressed far below the surface, and the lower 
portions of the resultant Shelf-Ice had first grounded on the salient points of the shoal, 
and had then grown downwards until firmly anchored. Further growth from below 
may or may not have helped to achieve this result. 

The undulating surface of the top of the Shelf- Ice, as described, would suggest 
that It IS now conforming fairly well to the major irregularities of the bottom. The 
formation of such a sheet of Shelf-Ice violates no law of nature, and, once it has been 

formed, its persistence or disappearance will depend entirely on the ratio of alimentation 
to denudation. 


This is certainly the most satisfactory explanation for the Shelf-Ice of KiTig Oscar 
Land and, given a suitable coastline and suitable climatic conditions, this method of 

growth might give rise to ice sheets in number and extent limited only by the areas 
of shoal water available. 


Suitable anchoring points in the form of emerged rocks or islets would appear to be 
essential to the formation of ice sheets of this type, but the question at once arises Whether 
these could not be replaced by icebergs stranded around the edges of the shoal. 
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It is upon this theory that von Drygalski has founded his explanation of the type 
of ice he has denominated “ West-Eis'' though PhiUippi believes that this ice is a much 
weathered portion of what he calls “ Inland Ice ” and he considers it to form actually a 
portion of the margin of the Antarctic Continental-Ice sheet. 

A similar series of shoals and groups of islands and stranded bergs is believed to be 
the nucleus of the heavy fast-ice off King Edward’s Land. This has, however, only been 
glimpsed from a passing 
ship, and it would be unwise 
to theorise upon its origin 
until more facts ate avail- 
able. 

It is sufficient for the 
present to state that we 
believe that sheets of 
Shelf-Ice of considerable 
extent may be, and liave 
been, formed in the way 
outlined above, and must 
be recognised as a distinct 
sub-type. An ideal section 
through Shelf-Ice of 
type IV (6), is given in 
Ifig. 87. It is in effect a 
mass of Island-Ice over a 
submerged island. A similar section of a land-ice formation based on a sheet of fast-ice 
in a bay is shown in Fig. 88. This type might not easily be distinguished from 
Shelf-Ice of type IV (a) into which it would merge by an increase in the proportion of 
basal material provided by glaciers and a decrease in that consisting of sea ice. In 
practice, however, there should be a difference between the two' types, since the 
presence of even one small but vigorous Ice-Tongue in the back of the bay in which the 
fast-ice formed would be sufficient to ensure its annual disruption and therefore 
definitely to prevent the formation of Shelf-Ice by this method. 

(6.) Discussion of Previous Classifications and Comparison with the 

Present One. 

A comprehensive comparison between the principal previous classffications is 
afforded by a study of Table VII. It will be seen from the table that the tendency 
has been towards an increase in the number of types and towards an abandonment of 
the place-names which characterised the earlier classifications. 

Both of these reforms are steps in the right direction. As research into the mode 
of origin of difierent ice-forms has proceeded, a widely different genesis has had to be 



Fig. 87. — ^Diagranunatio seoMon thxougli Shelf-Ioe of type IV (6). 
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admitted for many whioli had been grouped together under one heading in previous 
classifications. Sub-types have had to be created, if the modern classifications were 
to convey any idea of genetic relationship. 

As regards the question of locality names, which have crept into some of the more 
modern classifications, and are stfil largely used in books not necessarily devoted to the 
study of glaciers alone, it is considered that it would be distinctly better if these labels, 
based on the countries in which these types of glaciers were first studied, could be 
entirely dropped. The words Alpine,” “ Norwegian,” “ Alaskan,” “ Greenland,” 
are distinctly misleading, for change of climate may cause the typical development of 
any form of land ice in any of the present glacierised regions. At the same time, an 
increase of climatic severity might develop many ice-forms in lands which are at present 
entirely devoid of glaciers of any kind. 

For this reason alone, it appears to the writers that place names are unsuitable 
for application to land-ice types. For the same reason, exception is taken to the 
adoption of the sub-types “ Arctic ” and “ Antarctic ” as sub-divisions of Nordenskjold’s 
Inland Ice,” the more especially as the latter himself remarks that “ Arctic ” types 
do occur in that region of the Antarctic of which he has personal knowledge. 

An additional argument against the retention of the old place-names is afforded 
by the fact that some of them at least have come to possess an entirely difierent 
significance in the minds of different writers. This is well displayed by the following 
comparative defimtions of “ Alpine,” “ Norwegian ” and “ Greenland ” glaciers. 

Alpine Glaciers. 

Heim. — Beim Alpentypus ist die schdrfste Individ/ualisierung der einzelnen Gletscher 
ausgesprodienen. 

Wbrth. — MuMenfirn und zugehariger Talgletscher. 

Ferbab. — Glaciers of Alpine type, valley glaciers, drain small intermontane basins 
{firrm/uMen), seldom advancing far from their mountain sources ; they never 
reach the sea. 

These three definitions agree fairly closely, but per contra we have the following 
definition by Hobbs : — 

Hobbs. — ^Alpine glaciers are sheaves of small glaciers or glacierets which start out 
from the secondary scallops of the mature cirques. They are wholly included 
within the mother cirque ... in reality the glaciers of the Alps, far 
from occupying valleys, do not even fill the mother cirques at the valley heads. 

Norwegian Glaciers. 

Heim. Beim Typen Norwege/n fehlen die Jimschneiden entweder ganz oder sie sind 
dock meistens nur wnschmf ausgehUdet, so dass die Nahrgeibiet em vielfach 
zusarrwienTUingendes gemevnsame Fimreservoir ist. 

Werth. — EwheitUcher plcdeaujwn und einzeVne getrennte Talgletscher. 

Ferrar. — Glaciers of Norwegian type consist Of streams of ice flowing down well- 
defined valleys (fjords) from a large firnfield. 
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Gfreenlcmd Type. 

Heim. — Beim Typm Qr&nUmd ertMi<^ sind auch die Eisstrmne Jceine Individuevi 
nielir, sondem hiJden eine zusaminenhangende Fhd, die erst im aussersten 
Rcmde sich in Auslaufe gabelt. 

Werth. — EinheiUicJien plateaufir7i und zmmnmmhmgende Oletschermasse. 

Ferrar. — Glaciers of Greenland type or ice-streatns drain an ice-sheet and end 
in the sea. 

An examination of the definitions will reveal several grave discrepancies between 
them, and, if the argument of historical continuity in nomenclature is considered to 
carry sufficient weight to justify the retention of the terms (which the writers do not 
think), it is obvious that standardisation is necessary. 

I’o-day, many authors will not accept Alpine glaciers as true valley glaciers, but 
claim, as does Hobbs, that the majority of them do not extend into valleys at all, but 
have their beginning and end within the limit of a cirque which formerly was the head 
of a large valley glacier. From an examination of the maps of Switzerland it would 
appear that true valley glaciers — as define<l in the present paper — do exist there, but 
that the majority are of the type defined by Hobbs. 

The cause of the differences between the above definitions of Norwegian and 
(ilreenland glaciers is easily recognised. The original workers — ^Heim and Werth — 
consider together gathering ground (firnfield) and diffluent (glacier), while Ferrar restricts 
the names to the distributaries themselves. The same objections can be urged against 
these names as applied to Alpine glaciers. 

With the classifications of Gourdon and Nordenskjold, the present attempt has 
much more in common. Both of the former have adopted the factors of supply and 
movement as the chief basis of their scheme, and the sub-types of Nordenskjold, in 
particular, agree closely with those suggested here. Reasons have been given above 
for the exception taken to the terms “ Arctic ” and “ Antarctic.” The term “ icefoot ” 
or “ icefoot glacier,” respectively, adopted by these writers for a special type of ice-form 
derived from snow-drifts is objected to, because it ties down the sub-type to a special 
restricted zone of the land mass under consideration. 

Actually, Snowdrift-Ice may occur in any sheltered position on a glacierised land. 
With these two exceptions, the difference between the classifications is one of presenta- 
tion and arrangement rather than of more essential characteristics. The definitions now 
proposed agree especially closely with those of Nordenskjold. 

The classification given by Hobbs in his “ Characteristics of existing Glaciers ” 
possesses the merit of being the first classification to be based upon a, comprehensive 
review of the ice-forms of the chief glacierised countries of the world. Hobbs, however, 
while claiming to have taken “ alimentation ” as his chief deciding factor, appears to 
give an altogether disproportionate importance to the relationship between the ice- 
formation and the land upon which it rests. The result has been a multiplication of 
types in those forms which are characteristic of the closing stages of the recession period 
of a glacial cycle, and the lumping together of all the major ice-formations of the world 
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under a single Heading “ Ice-cap type.” The classi&oation tHus gives an altogether 
wrong impression of the relative importance of the different ice-formations. 

It is imfortunate that, although a considerable portion of his book is devoted to an 
illuminating summary of recent work in the Arctic and Antarctic, so little importance 
has been allotted to these regions in a classification intended to be of universal application. 

The outlet glaciers of the Continental-Ice of the Antarctic and of Greenland do not 
appear to fall easily within any of his types, for they certainly do not agree with his 
definition of “ dendritic ’ ■ or valley glaciers. Amongst the examples given of this type, 
not a single Antarctic glacier is cited, while the only representatives from the North 
Polar regions are two from Alaska, which is not a typically glacierised Polar country. 

The meaning given to the term piedmont, by Hobbs, also appears to be somewhat 
unsatisfactory, for the typical features of Piedmont-Ice are all associated with the 
debouchment of the streams of ice upon the foreland at the base of the mountains. 
In difierent situations, the same ratio of supply to denudation will give quite other 
results. Piedmonts, as typically developed in Polar countries, also owe a considerable 
portion of their bulk to other sources. Hobbs’ type “ piedmont glacier ” might be 
considered to include glaciers draining highland and upland ice-sheets, were it not for 
the fact that the greater portion of such glaciers do not form piedmonts. Shelf-Ice, 
though discussed at some length in the later portion of the book, is not referred to at all 
in the chapter dealing with classification, and thus the most interesting and one of the 
most important types of Antarctic land ice is ignored. 

The various types of mountain glaciers in descending order of alimentation as 
recognised by Hobbs are useful minor sub-divisions of the ice-formations in the later 
stages of the glacial cycle, though the type “ tidewater glacier ” would appear to merit 
a position higher in the scale. It is not considered, however, that in a universal 
classification of land-ice forms they deserve the relative importance that they have 
been given. 

Finally, the type of ice-form called by the writers “ snowdrift-ice ” and by 
Nordenskjold and Goujdon icefoot glaciers,” has been named by Hobbs the “ niva- 
tion ” type of glacier, after the method by which it is claimed that the snow-drifts 
exercise a deepening action upon the shallow depressions in which they lie. The term 
adopted here is, however, preferred, since the process of “ nivation ” certainly has no 
important bearing on many of the Snowdrift-Ice masses of the Antarctic. In individual 
cases, the action described under this term does take place to some extent, but it is 
significant that, although hundreds of thousands of such drifts occur at low levels in 
exposed Antarctic lands, yet they never appear to deepen their depressions to any 
great extent, certainly not to the extent of entrenching themselves in true cirques or 
cwms.* 

Certainly, at low levels in the Antarctic at the present time, permanent Snowdrift- 
Ice appears to exert a predominantly protective influence on the ground on which it 

* The question will be discussed at some length in a short Memoir on the Physiography of the 
Robeson Bay region of South Victoria Land, by R. E. Priestley, published as one of the Reports of 
the present Expedition. 
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lies. Where the drifts are not permanent, their effect must be much as in the examples 
quoted by Hobbs from a country of warmer climate. The term Snowdriffc-Ice is 
preferred to “ nivation glacier ” as being of more universal application, and as expressing 
better the salient characteristics of the ice-formation. 

For the present classification, it is claimed that the types are based upon the three 
most important factors involved in the glacierisation of a country, while other factors 
less important, but sufiGLcient to cause essential modification of ice-forms, have been 
called in to assist in the delimitation and definition of sub-types. The classification is 
comparatively simple and is of universal application. 

Practically all important forms of land ice existing on the face of the globe should 
fall naturally into one or other of the classes which have been arranged in accordance 
with the natural sequence of events in a cycle of glacierisation. The types are few in 
number and well differentiated. If further sub-types are required for the purposes of 
physiography, tlxey can easily be superimposed on the present main types by xising the 
factor of land relief to a greater extent than has been done here. The classification is 
based in the main upon the continent which is at present subjected to the process of 
glacierisation to a greater extent than any other, and, therefore, as can be seen from 
the short description of the glacial cytde at the commencement of the (diapter, upon that 
land mass which is likely to contain the maximum mimber of type.s. In South Victoria 
Land, everything can be seen, from the C/ontinental-lce sheet of the Inland Plateau 
to the dry valleys of the coast where ice is not. Every type of lan<l-ice form from 
Snowdrift-Ice to Continenttil-Toc, and from tlie largest known valley glacier in the world 
to decadent “ ice-slabs,” has come tinder the notice of one or other of the writers. 
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CHAPTER VI. 

ICE-FORMATIONS CHARACTERISTIC OF AN ADVANCED STAGE OF THE 

GLACIAL CYCLE. 

In this chapter, certain ice-formations which are characteristic of an advanced 
stage in the glacial cycle will be described, with special reference to Antarctic examples. 
These fall naturally under the following headings : — 

1. Continental-Ice, Highland-Ice and Island-Ice. 

2. Piedmont-Ice and Confluent-Ice. 

3. Ice-Tongues. 

4. Shelf-Ice. 

Much has been written descriptive of ice-formations of other types observed in all 
parts of the world, and it does not seem necessary to treat these types as fully as those 
which are dependent for their existence on more favourable conditions than are found 
in regions outside the polar circles. 

It must not be inferred that the types which are to be described in some detail 
are not, some of them, developed outside the polar ciccles, but that their full develop- 
ment demands a conjunction of physical and meteorological conditions which is only 
met, at present, within the polar regions. 

CoNTINENTAL-IOE. 

Though our information regarding the interior of the Antarctic Continent is still 
far too scanty, sufifi.cient is known to enable us to say with certainty that it is capped by 
the largest mass of Continental-Ice on the surface of the globe. With the exception of 
a narrow strip at the border, the whole of the elevated portion of the continent is probably 
covered with an almost unbroken ice dome. Its area can hardly be much less than 
5,000,000 square miles, that is, comparable in size with the continent of Europe. 

Very little of this enormous plateau has been actually traversed, and our information 
regarding the ice sheet is entirely superficial. It was first traversed by Captain Scott 
in the Discovery Expedition, a journey being made for more than 160 miles in a 
westerly direction from the head of the Ferrar Glacier, a distributary debouching into 
McMurdo Sound.* 

Shackleton,f in the summer of 1908-9, ascended the Beardmore Glacier, an 
outlet from the Plateau to the Ross Barrier, and proceeded in a southerly direction to 
latitude 88° 23' S., where, at a height of nearly 10,000 feet, he was forced to turn back 

* ‘ Voyage of the “ Discovery.” ’ 
t ‘ Heart of the Antarctic,’ vols. 1 and 2. 
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in Ms attempt to reach the South Pole. In the same summer, Professor Sir Edgeworth 
David* led a party to the South Magnetic Pole in latitude 72° 25' S., longitude 155° 16' E., 
involving a journey of about 150 miles on the Plateau from the head of the Beeves 
Glacier. 

In the summer of 1911-12, Amundsen reached the South Pole,! followed one 
month later by Captain Scott, $ while in the following summer the Plateau was ascended 
in about 140° W. longitude by parties of Mawson’s Expedition.§ 

Many hundred miles of toilsome and dangerous travel were involved in these journeys, 
but it cannot be too strongly insisted that our knowledge is still only local in character, 
and entirely confined to a knowledge of the swrface conditions in the height of summer. 
In some cases the information gleaned is not yet accessible, and the adverse physical 
conditions attending sledge journeys on the Plateau militate against the making of 
exact scientific observations. The warmest month of the year, December, had a mean 
temperature in 1911 on the Polar Plateau of — 8*6° E., the mean temperature in the 
following January being — 18*7° F. 

As has been pointed out before, the formation of a sheet of Continental-Ice demands, 
above all, an adequate supply of snow. This must be greater than the loss by ablation from 
the surface and the loss by movement of the ice to lower levels, in addition to the practi- 
cally negligible loss of ice due to melting on the surface or within the body of the ice sheet. 
The latter condition is clearly fulfilled over practically the whole of the Antarctic 
Continental-Ice, and we have therefore only to examine the conditions of yearly snowfall 
and yearly ablation|| on the surface of the sheet, together with the rate of movement to 
lower levels. Simple as the problem appears, no answer can be given as to the 
magnitude of either the yearly snowfall, the yearly ablation, or the yearly rate of 
movement. It is true that the Plateau has only been visited in the summer months ; 
but, even were a well-equipped station erected thereon and maintained for a long period, 
measurements of snowfall, ablation and movement could hardly be obtained. Measure- 
ments of snowfall and of ablation are almost impossible to make ; measurements of the 
movement of the ice sheet could only be obtained by astronomical observations over 
long pe iods. Since a sheet of Continental-Ice exists, we can only say that conditions 
in the past were favourable to the formation of such a sheet. Our information as to 
whether the sheet is increasing in thickness, or decreasing, must be derived from the 
natural tide gauges formed by land masses where they abut the Plateau. The evidence 
from these tide gauges all point to a recent greater tMckness of the Continental-Ice, 
but afford little evidence as to how much greater this thickness was. An ice sheet 
of greater thickness means the development of greater pressure against obstacles 
preventing its movement. This causes the ice to ascend the slopes of the obstacles to 
a greater extent than would otherwise be the case. Thus, Mount Darwin, at the head 

♦ ‘ Heart of the Antarctic,’ vela- 1 and 2. 

t ‘ The South Polo,’ vols. 1 and 2. 

J ‘ Scott’s Last Expedition,’ vol. 1. 

§ ‘ The Home of the Blizzard.’ 

II The word “ ablation,” as used in this memoir, includes chiselling by drift. 
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of the Beardmore Glacier, was recently overrun by tbe Continental-Ice sheet, but whai 
increase in the present general thickness of the ice would be necessary to achieve thie 
result is quite unknown. It is of considerable interest to note that the mountains 
which fringe the Continental-Ice in the Ross Sea Sector are often fairly free from 
snow. Parts of Buckley Island at the head of the Beardmore Glacier furnish a good 
example of this, showing that (locally, at least) ablation on a rock surface may exceed 
precipitation. One cannot, however, argue from this that ablation exceeds precipita- 
tion on the snow surface of the Plateau. 

Such evidence as we have, in fact, points quite the other way. The surface of the 
Plateau in the neighbourhood of the South Pole is covered with soft snow, even in the 
middle of summer. The surface of the Beardmore Glacier is ice, the air-content of 
the ice increasing as the Plateau is approached. There are occasional heavy snowfalls 
in summer, particularly on the lower reaches of the glacier,* but the snow surface 
rapidly disappears, part of this change being doubtless due to conversion of snow into 
ice, but much of it undoubtedly to heavy ablation. It does not follow that ablation 
necessarily exceeds evaporation on the Beardmore Glacier, but it appears to us that the 
surface conditions on the Polar Plateau can only be explained if deposition here exceeds 
ablation. 

There seems no doubt that the meteorological conditions on the Plateau are 
essentially anticyclonic in type, and it is difficult to reconcile these two facts, as anti- 
cyclonic conditions seem to demand a poverty of precipitation. 

Before dealing in detail with this point, it is necessary to review the observations 
which have been made on wind direction and force. These observations are discussed 
by Dr. Sinipson in vol. 1 of the Meteorological Report of this Expedition. It wiU be 
seen (p. 106) that the curve showing frequency of winds of different velocities on the 
Polar Plateau is of the Cape Evans type, the distribution of velocities being essentially 
anticyclonic, and differing from the Eramheim typel by the superposition of a very 
frequent wind of about 12 miles per hour. Calms are, in fact, about as frequent in the 
two su mm er months for which observations are available (December and January) as 
winds of about 12 miles per hour. On the Polar Plateau (p. 146), practically all the 
high winds come from directions between S.S.E. and S.S.W., these directions being those 
from which the low- velocity winds blow.J On the Plateau west of the Ferrar Glacier 
(p. 146), the most frequent wind direction on the “ Discovery ” journey was from 
W.S.W., a strong southerly component being superposed during blizzards. The sastrugi 
confirm the above observations as to blizzard wind directions. 

Even in the summer months, the Plateau is undoubtedly a bad place for travelling, 
particidarly when one comes to consider the low temperatures experienced, even during 
winds of blizzard strength. 

* The phenomenon of heavier snowfall on the lower reaches seems to be oommon to all such valley 
glaciers in the Boss Sea quadrant. 

f In this type a “ calm ” is the most frequent wind, and the frequency of other winds is less the 
greater the velocity of that wind. 

J South being here defined as “ parallel to the 160th East meridian.” 
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Muoli additional information regarding Plateau temperatures will be available 
when the meteorological reports of other expeditions are published. There seems, 
however, sufficient evidence already to show that the temperature conditions in the 
summer 1911-12 were not very abnormal.* 

As might be expected, in view of the almost constant altitude of the sun at this 
latitude, there is no great difference between “ day ” and night ” temperatures on the 
Polar Plateau. There was, however, a fall of 10° P. in the mean temperature in 
January, 1912, compared with the previous month, indicating a most marked correlation 
between temperature and isolation.f The comparatively low mean temperatures are 
due, not to the high latitude, but to the great altitude of the Polar Plateau. 

The sudden fall in temperature in January is paralleled by an even sharper fall on 
the Ross Barrier at a somewhat later date (commencing in the latter half of February), 
and this fall was also noted by Shaokleton. A glance at the curves on p. 84 of the 
Meteorological Report makes it quite clear that if Captain Scott’s journey to the Pole 
liad been conmienced a month earlier, he would have avoided the appalling temperature 
conditions^ met by the Polar Party on its return journey over the Ross Barrier.§ 

It is clear in any case that, if the temperature difference between the Barrier and 
the Plateau, which is due chiefly to the great difference in height, exists equally in 
summer and in winter, the winter temperatures on the Polar Plateau must oscillate 
about — 70° F. as a mean. 

Professor Hobbs explains the wind circulation of the Antarctic Continent and of 
(Ircenland as the result of the cooling of the surface air by contact with the cold elevated 
snow-covering of the Plateau, the cold air then streaming down along the line of greatest 
slope at each point. He has also proved experimentally that a small cooled dome- 
shaped surface will indeed cause such a circulation. Such an explanation is adequate 
to account for the observed air circulation during the winter, but, if Hobbs’ explanation 
is correct, it is not easy to see how the snow surface can cool the air in contact with it 
during the summ^,\\ when radiation from the sun is comparatively intense. It may 
also be pointed out that, in December and January, the wind blows definitely uphill 
in the neighbourhood of the South Pole. Too much stress should, however, not be 
laid on this point until more information is available regarding the height of the Plateau 
beyond the Pole. 

We are now in a position to consider the problem of relative snowfall and ablation 
on the Plateau in somewhat more detail, bearing in mind the fact that the evidence 
shows that the Plateau surface is by no means level. Scott, Bowers and Shackleton 

* Tho summer tomporatures seem to have been lower than those of the preceding year, judging by 
the curve shown in Kg. 175 of the Appendix. 

t There is every probability, however, that the temperatures in November are quite possible for 
sledging on the Plateau. 

J Low temperatures appreciably increase the labour of sledge-hauling. 

§ The month’s delay was duo to a desire on Captain Scott’s part to improve tho chances of the 
ponies. 

II This point has been more fully discussed in Chapter I. 
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all unite in pointing out that, on the journey towards the Pole, the surface on the top 
of undulations of the Continental-Ice was usually hard wind-driven snow, while soft 
deep snow lay in the hollows in the lee of the crests. Within a few miles of the Pole, 
however, both hollows and crests were covered with this soft deep snow. 

One cannot do better than quote Bowers’ entry on this point in the Meteorological 
Ijog : — 

“ Within 120 miles of the Pole, the sastrugi seem to indicate belts of certain 
prevalent winds. These were definitely S.E.ly up to about 88® 30' S., where the 
summit was passed, and we started to go somewhat downhill toward the Pole. 
An indefinite area was then crossed, with S.E.ly, S.ly and S.S.W.ly sastrugi. Later, in 
about 89® 30' S., those from S.S.W. predominated. At this point also, the surface 
of the ice cap became affected by undulations running more or less at right angles 
to our course. These resolved themselves into immense waves some miles in extent, 
with a uniform surface both in hollow and crest. The whole surface was carpeted 
with a deposit of ice crystals which, while we were there, fell sometimes in the form 
of minute spicules and sometimes in plates. These caused an almost continuous 
display of pa/rhdia. The flags left a month previously by the Norwegian expedition 
were practically undamaged, and so could not have been exposed to very heavy 
wind during that time. Their sledge and ski tracks, where marked, were raised 
slightly, also the dogs’ footprints. In the neighbourhood of the S.P.* Camp the 
drifts were S.’W.ly, but there was one S.S.E. drift to leeward of tent. They had 
pitched their tent to allow for a S.W.ly wind. For walking on foot, the ground was 
all pretty soft, and, on digging down, the crystalline structure of the snow was 
found to alter very little, and there were no layers of crust such as are found on the 
Barrier. The snow seems so lightly put together as not to cohere, and makes 
very little water for its bulk when melted. The constant and varied motions of 
cirri, and the forming and motion of radiant points, show that in the upper 
atmosphere at this tune of year there is little or no tranquillity.” 

There seems little doubt that the presence of the undulations on the Plateau surface 
exercises a considerable effect in locally modifying the wind movements and in causing 
turbulent motion in the atmosphere. 

It is clear that the greatest deposit of snow takes place in the lee of the crests of 
the undulations and that, at least to the north of the Plateau summit, little, if any, 
snow remains on the crests themselves. The tendency of the wind is, therefore, to 
make the surface more level and at the same time to move large quantities of snow 
to more northern latitudes. The fact that the undulations remain pronounced 
seems to prove that they are caused by an appreciable outward movement of the 
Continental-Ice. 

We are of opimon that the excess of snowfall over ablation must be quite small 
to the north of the summit. The conditions to the south of the summit seem to be 

♦ SouthPolar, 
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somewhat difEerent. The soft surface may be due to a greater precipitation following 
the forced rise of the air travelling against the slope of the Plateau, though it is possible 
that part of this softness of surface may be due to a lesser wind velocity in this region. 
There is no evidence to the contrary. Certainly, one would not expect any noticeable 
hardening of the surface at the temperatures observed in this region, except through 
wind action. Amundsen states* : — 


“ Often on this part of the Plateau to the south of 88° 25', we had great difficulty 
in getting snow good enough, i.e. solid enough, for cutting blocks. The snow up 
here seemed to have fallen very quietly in light breezes or calms. We could thrust 
the tent pole (6 feet long) right down without meeting resistance, which showed 
there was no hard layer of snow.” 

Small quantities of snow undoubtedly fell on the top of the Plateau at frequent 
intervals, and Bowers notes that the horizon was rarely clear. This may not be an 
occurrence common to every year, but it seems possible that the phenomenon is caused 
by the turbulence of the atmosphere due to the passage of the wind across the surface 
undulations, causing precipitation in one area and evaporation in another. If this is so, 
the net gain to the surface may be small. 

Scott notes, in 87° 20' S. lat., that the sky was here overcast for the first time after 
reacliing the Plateau, on the inward journey to the Pole. Haloes are also infrequently 
noted in the Meteorological Log, except within 3° of the Pole, where mist, fog and falling 
crystals were constantly recorded. 

There seems little doubt that, where the wind was definitely blowing downhill, 
precipitation was not excessive, possibly even was exceeded by ablation in the 
summer months. This suggests that a wind circulation, such as that postulated by 
Hobbs, carries with it conditions which are unfavourable to the continued growth in 
thiclaiess of such a Plateau, and which set a limit to the admissible slopes. Thus, if 
Hobbs is correct in his postulate, it seems to us that, wherever the general slope of an 
elevated dome exceeds a certam value, there ablation should exceed deposition, and 
there the snow surface should change to a surface of ice. In support of this view, we 
have the undoubted fact that the surface of large valley glaciers leading from the Plateau 
are generally free from snow (in summer, at least), and that towards the foot of such a 
glacier as the Beardmore, when the surface again becomes level, precipitation definitely 
exceeds ablation, as is the case on the Boss Barrier. 

On reviewing all the known data referring to snowfall, ablation and movement 
of the ice, we must confess that no definite conclusions can be drawn, except that the 
value of snowfall less ablation is probably greater in the neighbourhood of the Pole 
than further north towards the head of the Beardmore Glacier, where the value may 
be negative. Even where the intensity of snowfall is apparently greatest, it seems 
possible that it may well have been overrated, for the local and temporary wind eddies, 
due to the inequalities of the snow surface, cause almost permanent formation of fog 


* ‘ The South Pole,’ vol. 2, p. 117. 
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and deposition of snow in some quarter of tlie horizon. In other quarters ablation 
may, at the same moment of time have exceeded precipitation. The balance over 
long periods and considerable areas would then be a very close one. 

That the Plateau ice is indeed moving is evident from the pressure ridges which 
have been observed on all sledge journeys. These are more intense near the heads 
of the outlet glaciers, and become smaller as their distance from the summit decreases. 
David states that, on the Magnetic Pole journey, the undulations were still about 60 feet 
high 70 miles back from the Antarctic Horst, though they died out as the summit of the 
Plateau was reached. They are therefore clearly connected with the slope of the Plateau. 

On the Plateau near the Pole, the slopes were considerably steeper and the 
undulations apparently larger, measuring here about 6 to 7 miles from crest to crest. 
Crevasses were very numerous towards the heads of the glaciers, but were observed 
for the last time on the outward journey by Scott in latitude 86° 15' S. on the top of one 
of the undulations. The last crevasse observed by Shacldeton was also in about the same 
latitude. The crevasses seem related usually to the crests of the undulations, but 
Shacldeton suggests they are formed over submerged ridges and peaks and therefore 
that the land cannot be very far below the ice surface. On this point — ^the thickness 
of the ice sheet — ^we have no direct information whatever. It would be surprising, 
in our opinion, if the thickness of the ice sheet exceeded 2000 feet at any point away 
from the head of a glacier, and this figure seems to us an outside estimate. 

In Mawson’s “ The Home of the Blizzard,’’ the suggestion is made that the irregular 
variations in magnetic declination on the journey over the Plateau towards the Magnetic 
Pole, may have been due to local attraction from land masses close to the surface of the 
Plateau. This explanation is no doubt possible, but cannot be accepted as definite 
evidence of the thinness of the Continental-Ice sheet. 

Possibly the most interesting result derived from all the information obtained by 
various sledge journeys on the Plateau is, that the summit of the Plateau lies in all 
cases fairly close to the great range of mountains running approximately south, at least 
from Mount Nansen to the Beardmore Glacier, and continuing thence in a south-easterly 
direction. If snowfall exceeds ablation on the larger half of the continent, as appears 
likely, it is difiB-cult to see how the ice-divide could possibly be maintained in such an 
asymmetrical position as it now occupies, unless the South Victoria Land Horst is still 
rising. 

Either this must be so, or there must be a very much greater outflow of ice on the 
opposite side of the continent. It is possible that this may be the explanation, for the 
whole land-mass to the west of the horst appears to slope gently away from the latter. 
The outflow of the Continental-Ice to the west is severely restricted to the few outlet 
glaciers such as the Beardmore Glacier, Shacldeton and Barne Inlets, the Koettlitz, 
Ferrar and Mackay Glaciers, etc. Along the margin from Coats Land to Kaiser Wilhelm 
Land there may be, and probably is, an almost uninterrupted outflow unconfined by rock 
walls. Such an outflow might dispose of many times more ice without any appreciably 
greater velocity of movement, Whatever the explanation of the asymmetry of the ice- 
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divide, it is difficult to escape tlie conclusion that snowfall and ablation are fairly closely 
balanced over almost the whole area of the Antarctic Continental-Ice. 

As pointed out by Professor David, the land shows indubitable evidence that the 
surface of the Beardmore Glacier at a recent period stood some 2000 feet higher than 
at present. This fact certainly indicates that the thickness of the ice sheet on the 
Plateau was at one time greater, though no conclusions can be drawn as to how much 
higher the surface stood. It does seem, however, probable that a much more intense 
glacierisation might be produced by quite a slight increase in snowfall, other factors 
remaining constant. 

Too much emphasis cannot be laid on the fact that, if Hobbs’ postulate is correct, 
there should be a limiting slope and therefore a limiting thickness which a sheet of 
Continental-Ice of given eictent can attain in any given climatic conditions, and that 
an air circulation such as that postulated by Hobbs is essentially one which demands, 
where the slopes are sufficiently steep, that ablation shall exceed precipitation. It is 
also important to note that, even quite close to the Pole, a not inconsiderable portion 
of many mountains remain free from a permanent snow covering. 

It is unfortunate that the results of Mawson’s Expedition have not yet been 
publislied, as here the Continental-Ice flows down evenly to the sea and the gradients 
are not very steep. (It is certainly a fact that the surface of this ice sheet at the edge 
of the continent is, in places at least, formed of ice, as at the Gaussberg.) When the 
results are available, interesting information should be obtainable as to the relation 
between surface gradient and probable rate of movement of the sheet. 

We have every reason to believe that meteorological conditions on the summit 
of the Plateau west of the Royal Society Range differ considerably from those which 
obtain near the South Pole. In the first instance, the temperatures on this portion 
of the Continental-Ice are certainly low when the sun is low in the south, but there is a 
great difference between the “ day ” and “ night ” temperatures during the 24 hours, 
sometimes as much as 26® due to difference in insolation during the course of the 
day. The wind force observed by Captain Scott west of the Ferrar Glacier is, however, 
comparable with that met by him on his journey to the Pole nine years later. 

The conditions on this western journey were apparently very similar to those 
observed by Professor David in his journey to the Magnetic Pole, both Scott and David 
noting that the wind direction varied, becoming more southerly, as the distance from 
the coast increased. 

A most interesting result appears from a comparison of the conditions recorded 
by Mawson’s parties on the Continental-Ice Sheet with those of all other observers. 
This lies in the fact that very high wind velocities were reported by all Mawson’s parties, 
even that which visited the Magnetic Pole area and which attained a point very close 
to that where David turned back. This result is of great interest, and indicates that 
wind conditions may vary greatly from year to year on the Plateau. The differences, 
both in wind velocity, temperature and snowfall, between the fijst and second years at 
Cape Evans, lend additional force to these observations. 
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We are thus unable iu the general case to draw reliable conclusions regarding the 
relative snowfall in different portions of the Antarctic from observations made at different 
places in different years. There seems little doubt, however, that the regions visited 
by Drygalski and Wild eaqperience a greater snowfall than does the Ross Sea Sector, 
though we are left in doubt as to whether the wind velocity is greater or less in normal 
years than in the years of observation. 

It is also interesting to note that the soft snow surface which is typical of the 
Continental-Ice in the neighbourhood of the Pole has not been observed elsewhem, 
and it is probable that this fact is due partly to greater snowfall and lesser wind velocities 
near the Pole and partly to the fact that the temperature is here always low. 

Island-Ice. 

As pointed out in the chapter on ** Classiffcation of Land-Ice Formations, there is 
little difference, except that of size, between Island-Ice and Continental-Ice, the former 
differing from the latter chiefty in the extent of the land surface on which the ice sheet 
is formed. 

In classiffcation, Shelf-Ice is placed in a class by itself as formed in an area 
where precipitation, movement and wastage are all active, and where none is pre- 
ponderant. In the previous section, moreover, an indication has been given that 
precipitation on the Antarctic Continental-Ice sheet probably exceeds evaporation, that 
t.hifl preponderance is probably less or non-existent on the valley glaciers leading down 
from the Plateau ice, where the slope is considerable, but is restored or more probably 
increased on the level Shelf-Ice which ffoats on the sea. 

There is in fact every reason to believe that precipitation is greatest in those regions 
which border the open sea. On an island, where all winds are winds of high percentage 
humidity, we should expect an exceptional precipitation in the form of snow, provided 
the temperature condition are favourable. Here, within certain limits, the precipitation 
might be greater the higher the aic temperature. It is more than probable, therefore, 
that the precipitation of snow may be greater on islands north of the Antarctic Continent 
than on the coast of the continent. If this increased precipitation is not fully com- 
pensated by increased ablation, the necessary conditions for the formation of Island- 
Ice are attained. Thus, the possibility exists that cappings of Island-Ice will be 
formed (as is indeed the case) on islands far north of the Antarctic Continent, though 
in some measure, their occurrence may be said to demand a greater excess of 
precipitation over ablation than is necessary for the formation of any other type of 
ice-formation. 

We cannot speak with authority on this point, and no examples of Island-Ice were 
visited by our Expedition. Their place in the scheme of the classiffcation should, however, 
be made clear, as their formation seems to demand the greatest excess of precipitation 
over ablation of all types. Their occurrence so far north is one reason for the suggestion 
made that a more intense glaoierisation of the Antarctic Continent might ensue, if the 
temperature conditions were ameliorated. 
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Highland-Ice.* 


As pointed out in the last chapter, a sheet of Continental-Ice may, if the supply 
becomes inadequate in comparison with denudation, degenerate into a number of 
separate Highland-Ice sheets. Examples of this type of ice-formation are very numerous 
in the Ross Sea sector, being easily distinguished from the preceding types by the fact 
that the contour of the ice sheet closely follows that of the ground below. Highland-Ice, 
though common in the Antarctic, has seldom been actually traversed, and our information 
is therefore far from complete. .Probably the best and most easily accessible sheet is 
that which covers practically the whole of Ross Island and which is surmounted by the 
active volcano, Erebus. Many excellent photographs showing this formation can be found 
in the reports of expeditions which have wintered on Ross Island, and an additional 
one is given in Plate CXXVI. 

Ross Island (Map III) is roughly triangular in form, the north side being washed 
by the waters of the Ross Sea, both in summer and in winter, the south forming a rampart 
against the thrust of the Barrier and the west side forming the eastern boundary of 
McMurdo sound, which is frozen in calm winters, but the greater part of which remains 
open in winters with much windy weather. Owing to its proximity to the open sea, 
we might expect a heavy snowfall on Ross Island, but there seems no doubt that this 
is far from being the case, except locally — for example, on the lower slopes facing the 
Barrier. Here the snowfall is probably exceptionally heavy, and here the average 
wind velocity is clearly much less than elsewhere on the Island. The observations 
of three expeditions have shown that the strong winds at sea level are predominantly 
from the south-east, but at higher levels westerly winds assume greater importance 
until, a little distance above the summit of Erebus (about 14,000 feet), westerly winds 
predominate. Owing to the proximity of the open sea and convection therefrom, 
temperature conditions at the summit can vary comparatively little during the year, 
but at lower levels, especially during the winter months, there must be a considerable 
temperature gradient from south to north, which we assume to be the prime cause of 
the large movement of air from a south-easterly direction. Where the air is forced to 
ascend, as on the Ross Barrier side of the island, precipitation is naturally very great 

* Strictly speaking, Highland-Ice is characteristic not only of an advanced stage in the glacial cycle, 
hut also, in suitable environment, of nearly all stages. The Ross Island Highland-Ice, however, presents 
unusual features, in that there was probably no deeply-entrenched water-drainage system before the advent 
of the ice-sheet. The Antarctic Ice-Age must have commenced very soon after the volcanoes (of the 
Middle Tertiary) raised their heads above sea level, building up upon the subsided Beacon Sandstone 
the mass of lava and diihris which now forms the most historical of all Antarctic lands. Though torrents 
of water must have scoured the slopes after successive eruptions of molten material, the work of water 
must have been largely confined to such catastrophic periods, if our reading of the sequence of events is 
correct. Certainly, the eruptions of latter years which have built up the present active crater of firagmentaiy 
material seem to have left their Ubria intercalated with ice layers of some thickness in places. This is 
suggested both by the appearance of lenticular white bands in one or two places, and by the occurrence- 
noted by Professor David— of rows of steam jets along certain definite lines above lava beds. (‘ Heart 
of the imtarctio,’ vol. 1.) 
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but elsewhere ffllliug snow is swept away by the high winds, either when falling, or at a 
subsequent date. The latter conditions are not favourable to excessive snow precipi- 
tation or accumulation. Moreover, apart from the action of the snow-charged wind 
in chiselling away the surface of the ice sheet, the high average wind velocity notably 
assists evaporation, even when the air is almost saturated. Add to these the presence 
of lava outcrops, steep slopes, and wind-blown dust and pebbles on the surface, and 
all the factors (except high temperature) which favour ablation are present, so that 
it is in no way surprising to find that snowfall only slightly exceeds ablation on this 
island. 

In the circumstances, it is hardly a matter for comment to find that, where 
measurements of the glacier movement have been made, this has generally been small. 
Thus, the rate of movement of the Barne Glacier is only 30 feet per annum, and there is 
definite evidence that the glacier end is now in process of retreat, though the Highland-Ice 
still reaches the sea over a large part of Ross Island. Though, moreover, the ice reaches 
to the sea on by far the greater part of the periphery, it is only locally that it appears to 
advance into the sea until it floats. There is reason to believe also that the localities 
where this does occur are exceptionally favoured, either by excessive precipitation 
or by some other predisposing factor. The photograph shown in Plate CXXVI, 
which was taken from the summit of Inaccessible Island, shows clearly the type of snow 
covering. 

With the exception of the southern side of the island, where precipitation appears 
to be most abundant, and other local exceptions to be noted later, it is clear that 
deposition and ablation are so closely balanced that practically the whole of the land 
is only lightly snow- or ice-covered, not sufficiently thickly to obscure the main contours 
of the ground beneath. Generally speaking, there is sufficient excess of precipitation 
to force the ice to extend to the sea, but not to form a floating extension on it, except 
locally between Cape Evans and Hut Point, facing McMurdo Sound. At a few 
places — notably, Cape Crozier, Cape Royds, Cape Bame, Cape Evans and Hut Point — ^the 
outflow of ice does not submerge the rocky coast ; wldle at Capes Royds, Barne and 
Evans the terminal face is obviously retreating. Equally certainly, at those points 
between Cape Evans and Hut Point where a floating extension is projected into the 
sea, local conditions favour an excess of precipitation over ablation. The only important 
extension is, however, that of Glacier Tongue, where the velocity of advance probably 
reaches 2 feet per day ; but even here we believe the tendency to be for this excess of 
precipitation over ablation to grow smaller. The reasons for the formation and survival 
of this tongue are discussed later in this chapter. 

If the existing tendency to deglacierisation continues sufficiently long, it is probable 
that the present continuous ice sheet will divide into several portions, separated by 
ridges from one another. The few glacier tongues which now float on the sea will break 
back to the land, and those parts of the ice sheet which now just reach the sea will retreat 
and lay bare the outer portions of the island. It is certain that the deglacierisation 
of the island will not bring to view pronounced valley glaciers. 


184 



The reverse process — an increase in the glacierisation of Koss Island from the 
present stage — ^would cause the formation of a floating selvage around the whole island, 
and probably the formation of a Confluent-Ice Sheet between Cape Evans, Hut Point 
and the Dellbridge Islands. The fact that such conditions are incompatible with the 
present position of granite erratics on Cape Royds is of great significance, and argues 
that the ice sheet moving from the Koettlitz Glacier at the time of its maximum extension 
was of enormous power in comparison with the sheets of ice then flowing down the slope 
of Mount Erebus towards McMurdo Sound. The shape of Ross Island is, indeed, 
such that a truly remarkable precipitation would be required to convert the present 
Highland-Ice sheet into a sheet of Island-Ice. Long before this could take place, the 
open water surrounding the island would be replaced by Shelf-Ice from other sources. 
As pointed out in an earlier section of this chapter, the formation of Island-Ice probably 
demands a precipitation which can only be reached in an open-water situation very 
different from that of Ross Island which, owing to the presence of the Ross Barrier to 
the south and sea ice throughout the greater part of a normal year to the west, practically 
functions as a part of the South Victoria Land mainland. 


Piedmont-Ice. 

This ice formation, first described from Alaska, where the Malaspina Piedmont-Ice 
owes its survival to the presence of a broad shore platform, is typically developed in the 
South Victoria Land region of the Antarctic Continent, where once again its presence 
is due to the existence of a suitable environment. Piedmont-Ice sheets can only occur 
in typical development in certain definite topographical surroundings. Thus it is, 
much more than many other land-ice formations, dependent on the physiography of 
the region in which it occurs. This fact is, of course, reflected in its definition, which, 
as modified to cover Antarctic examples, is as follows : — 

“ Sheets of land-ice, of which the original main mass was formed by the 
coalescence of the ice spreading out from wall-sided or valley glaciers over a com- 
paratively level plain at the base of the mountain slopes down which the glaciers 
descend.” 

It is still a moot point to what degree valley glaciers — ^the most striking of all types 
of land-ice formation — are capable of scooping out the valleys which they occupy, but 
it will be generally agreed that they can modify them considerably. To some extent, 
therefore, this type of land-ice may be said to control, rather than be controlled by, 
its environment. Similarly, Continental-Ice can be independent of the shape of the base 
upon which it rests, and Highland Ice, though moulded to the major wrinklings of its 
pedestal, owes its form more to a particular combination of meteorological conditions 
than to a similar conjunction of physiographical features. Ice-tongues, certainly, 
depend entirely, both for form and position, upon their occurrence at sea level. Simflarly, 
Piedmont-Ice depends mainly upon, and is restricted to, certain definite positions, 
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both by the form of the country undergoing glacierisation and by the particular stage 
of the glacial cycle represented. 

Thus, Piedmont-Ice may occur, given suitable physiographical combinations, 
at any but the greatest heights on a glacierised land surface. Considered this way, 
it is the logical outcome of the coalition of two or more masses of Expanded-Foot-Ice 
wherever suitable temperature and alimentation conditions exist in a mountainous 
region bordered by a flattish plain. This plain may be elevated as a plateau, may be 
at or near sea level, or may be below sea level. A continental shelf at a depth of 
100 fathoms might be a suitable bed for Piedmont-Ice, which would, however, in that 
case, in all probability be continued out as a wide floating fringe and merge into Shelf-Ice. 
The two sheets of Piedmont-Ice closely examined by the present Expedition rest upon 
plains or shelving ^opes which— at any rate at their seaward end — are, for the greater 
part of their length, some distance below sea level, though isolated projections stand 
out well above. 

Modifications of the normal Piedmont-Ice as defined above may arise through 
excessive alimentation, when the existence of a floating selvage of greater and greater 
extent may finally cause the ice sheet to become indistinguishable from Shelf-Ice. 
On the other hand, diminution of precipitation may bring about the isolation of the 
Piedmont-Ice from its original feeders, leaving it stranded as a stagnant lobe of ice 
along a steep foreshore which provides no alimentation whatever. Such an isolated 
Piedmont-Ice sheet would not normally persist for many years, geologically speaking, 
but a shifting of the zone of precipitation shorewards, or even the intervention of favour- 
able local air currents, might prolong its life indefinitely, as may be seen from the 
description of the Butter Point Piedmont-Ice which follows later in this section. 

Occurrence. 

Few masses of Piedmont-Ice have been described by glaciologists, but it is fortunate 
that, in the original type sheet (the Malaspina Glacier in Alaska) and the South Victoria 
land examples (the Wilson and Butter Point Piedmont-Ice), we appear to be dealing 
with ice-formations built up under the extreme conditions which could give rise to the 
type. As pointed out in the subsequent section dealing with Ice-Tongues, given suitable 
physiographic environment (plains abutting against mountains), Piedmont- Ice can grow 
and persist, either as the result of exceptionally great alimentation in regions only 
just above the snow line, and even just below it, or, in a region of very low temperature, 
in spite of very small precipitation. 

The Malaspina Piedmont-Ice appears to owe its existence to the former conditions, 
the Wilson Piedmont-Ice to the latter. A similar sequence of events produced the 
Butter Point Piedmont-Ice, but a further factor must be called in to account for its 
survival and the measure of growth and movement which it stfll retains. 

In the Antarctic Continent, at any rate in the South Victoria Land region, true 
Piedmont-Ice is confined entirely to the coastal belt, all other parts of the continent 
where it might develop being swamped more or less completely by other forms of land ice. 
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Even here, along a coastline of submergence at the ‘‘ Antarctic stage of the glacial 
cycle, conditions would hardly have been expected to be favourable for the development 
of this particular type. The ice-formations normal to a young coastline of submergence, 
at this stage, are the Confluent-Ice sheet, the floating Ice-Tongue, and the Shelf-Ice 
sheet. The presence of Piedmont-Ice along the coast of South Victoria Land may 
perhaps be correlated with the presence of down-faulted blocks on the seaward side of 
the horst, which have afforded the necessary pedestal on which the ice debouching from 
the ends of the valleys of the horst could spread out and coalesce. Another possibility 
is, that they occupy the site of a raised shore platform formed during a pause in the 
depression of the coastline, other signs of which, and of the subsequent elevation necessary 
to account for its present position, are found further up the coast. 

Detailed Description. 

Plans of the two Piedmont-Ice sheets — ^the Wilson and the Butter Point Piedmont- 
Ice — will be found on p, 168 of Chapter V of this memoir. A somewhat detailed 
description of eacli is given here, as they represent widely differing sub-types, the former 
being typical of, and the latter distinctly aberrant from, the definition given above. 

{a) The Wilson Piedmont-Ice. 

The Wilson Piedmont-Ice was traversed by the second Western Geological Party on 
their return towards winter quarters in 1912. This sheet, one of the best examples 
known, has a total breadth of about 36 miles, and advances almost everywhere along 
its breadth into the sea. No Ice-Tongue is, however, formed, the supply of ice and 
snow being insufficient ; and the Piedmont-Ice probably comes to an end in the sea 
when the ice parts company with the ground. Along the whole breadth of the sheet, 
except at a few rock outcrops, the Piedmont-Ice reaches the sea and ends in a sheer 
ico cliff of varying height. 

Originally, this Piedmont-Ice sheet was probably formed by the coalescence of 
several glaciers pouring down from the higher levels and debouching upon a compara- 
tively level plain at the foot of the mountain range fringing the coast. With increasing 
intensity of glacierisation, the coalescence of the glaciers on this comparatively narrow 
strip, added to by local snowfall, would completely flood the plain, and, finally, at the 
height of the ice age, would send forth its quota of floating ice to the great Ross Sea 
Ice-sheet. As the maximum of the glacial cycle was passed, the glacierisation of this 
part of the coast would wane until the present stage — ^where the valley glaciers are 
hardly recognisable as such, and the whole land surface, except for projecting nunataks. 
is covered with ice — would be reached. 

The present Piedmont-Ice fringes the coast to an average depth of 6 miles, if we 
measure the depth from the coastline back to a point where the more definite valleys 
can be recognised as such. The ice sheet almost completely covers the broad gently- 
sloping shelf along this portion of the coast, except at the southern end of the shelf. 
Along the strip of coast between Marble Cape and the northern side of New Harbour 
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(Maps I and VII) tlie ice ends as a vertical wall averaging about 60 feet in height. It 
advances until it meets the sea, except where high capes intervene, and from Dunlop 
Island to Cape Roberts the glacier face forms the coastline with no rock outcrops whatever 
along the coast. The surface is snow covered, bare ice only showing on the steeper slopes 
near the coast, but the snow is hard and windswept — quite different from that on Butter 
Point. The contours of the surface are generally reminiscent of those characteristic of 
rolling downs, but definite valleys occur where the large glaciers debouch into the Pied- 
mont-Ice. Opposite the two larger glaciers — ^the Debenham and Wright Glaciers — the 
Piedmont-Ice is heavily crevassed, and here the surface lies below that on either side. 
A general idea of the contours is given by the map (Map VII). 

The increased movement in front of these glaciers gives rise to a very definite series 
of crevasses. These crevasses are obviously of two types : — 

(1) At right angles to the direction of movement caused by movement of the ice 

over positions where the slope suddenly increased. 

(2) At an angle of about 45° to the direction of movement, due to the fact 

that the central portion of the sheet was moving faster than the ice on either 
side. 

The rate of movement opposite Dunlop Island is clearly slower than in many other 
parts, yet in 1911 the sea ice in the narrow strait had been subjected to heavy pressure 
as a result of the forward movement of the Piedmont-Ice during the preceding winter 
and spring. Debenham expresses the opinion (which he bases on the amount of pressure 
in comparison with that observed opposite glaciers whose rate of advance is known) 
that the movement of the ice opposite Dunlop Island is probably 10 to 20 inches per 
day in summer. 

Little evidence is available as to past conditions in this particular place, as the 
mountains at the back of the Piedmont-Ice could not be visited. The only nunatak 
of any size lay behind Cape Dunlop, and, from its form, it is clear that the ice once stood 
here at least 200 feet higher than it stands at present. It seems certain that, at the 
maximum of the glacial cycle, the movement must have been very considerable and 
the Piedmont-Ice must have given rise to a considerable body of floating ice. 

In conclusion, it is necessary to lay emphasis on the fact that the formation of 
this Piedmont-Ice sheet is due to the gently-sloping shelf which borders the coast between 
New Harbour and Granite Harbour. Further north, between Granite Harbour and the 
DrySfl-lski Ice-Tongue, similar conditions obtain and a similar Piedmont-Ice sheet is 
formed. 

{h) Butter Point. 

As may be seen from a glance at the map of the McMurdo Sound region. Butter Point 
consists of a mass of ice lying between Blue Glacier and the Ferrar Glacier on the west 
side of the Sound. On the southern side it is continuous with the Blue .Glacier, 
but on the northern side a gap exists between it and the Ferrar Glacier. It is thus 
surrounded by water, or sea ice, on two sides and by the ice of the Blue Glacier on the 
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third. The Piedmont-Ice itself slopes gently up on the eastern and northern sides 
from a height a few feet above sea level to 1000 feet, where it abuts the land on the 
western side. The total area is about 26 square miles. 

At the south-eastern corner of Butter Point are found the curious moraine remnants 
known as the “ Stranded Moraines ”* — an ice mass covered with morainic material 
derived from the Koettlitz Glacier, which k evidently a remnant of the Koetthtz lateral 
moraine, the ice beneath being protected from melting by the thick covering of rock 
and sand. At this point Butter Point is evidently aground, as is clear from the fact that 
small icebergs derived from the Blue Glacier remain motionless off the face of the glacier 
for considerable periods. Soundings and observed heights of the seaward face some 
distance north of the stranded moraines indicate that Butter Point is here afloat. 

At present, the Piedmont-Ice has no other important source of supply than that 
due to snowfall on ite surface. (Possibly growth may take place from below, but this 
seems very unlikely.) In earlier times, it probably received ice from the Koettlitz, 
the Blue and the Ferrar Glaciers, and from Highland-Ice sheets on the hills between 
them, while it may also have been notably increased in area by the incorporation of 
sheets of sea ice laden with snow. 

Whatever may have been its origin, however, its presence in the situation it occupies 
at the present day can only be due to a comparatively heavy excess of precipitation 
over ablation, a state of affairs to which it is somewhat difficult to assign a cause, in 
view of the entirely different conditions which hold sway both to the north in Dry Valley 
and to the south on the foothills fringing the western bank of the Koettlitz Glacier.! 
Such a change in the conditions affecting precipitation and ablation is, however, not 
uncommon in the Ross Sea sector. The surface of Butter Point consists of soft snow 
which has evidently fallen in a comparatively windless area, as sastrugi are seldom 
pronounced. The surface approximates, in fact, in many ways, to portions of the Ross 
Barrier, and differs entirely from the ice of the Blue Glacier and the Koettlitz Glacier, 
and also, as just stated, from that of its neighbour, the Wilson Piedmont^Ice, to the 
north. 

To what cause then must we attribute the local excess of precipitation over ablation, 
which has led to the revival of the Butter Point Piedmont-Ice ? It is, we believe, due 
to a modification of the main McMurdo Sound air circulation. The prevailing strong 
winds further to the east are the south-easterly winds off the Ross Barrier. Opposite 
the Koettlitz Glacier, these winds are usually deflected to the westward by the draught 
down the valley from the Plateau. Down the Blue Glacier again, yet another stream 
of air comes in from almost due west. The combined result of these winds is to shoulder 
off the lower layers of the main south-easterly blizzards from the neighbourhood of 
Butter Point. Immediately west of the Piedmont-Ice is a high rock bluff down which 
no wind comes, but to the north, once again, the westerly winds from the Ferrar Glacier 

* Tho “ oskors ” of the Memoir on Physiography by GriflS.th Taylor. 

t The excess of precipitation over ablation on Butter Point, between 1908 and 1911 (slightly over 
two years), was 2J feet of snow. 
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assist to form a veritable air cushion, causing a calm area in the immediate neighbourhood 
of the Point. Meanwhile, it is probable that, at a height above that of the Butter 
Point foothills, the main circulation is able to drive straight forward across the top of 
the calm area and thus cause an up-draught of the air over the Piedmont-Ice. The 
outcome of this combination of factors would be greater local precipitation, especially 
to the north of the piedmont, and less ablation, the result of such conditions being the 
adequate nourishment of the Piedmont-Ice, although its original source of alimentation 
— ^the outflow from the Continental-Ice and local Highland-Ice — ^has long ceased to 
function. 

This sheet of ice is thus an excellent example of a “ secondary ” Piedmont-Ice, 
the greater portion of the present mass of which has no connection whatever with the 
original source of the true Piedmont-Ice which was its ancestor. It is in fact a “ pseudo- 
morph ” after a true sheet of Piedmont-Ice. 

With the exception of the little ice at its southern extremity, which marks the 
maximum extension of the Blue Glacier, all the main mass of the Point is derived from the 
snow which has fallen upon its surface in past years. Its movement, likewise, which 
appears to be sufficient to push portions of it sufficiently far forward to float in the sea 
(though not sufficiently far to develop elasticity enough to eliminate the tide-crack 
between it and the sea ice) is derived entirely from the flattening-out movement which 
is due to its own weight. If comparative sections were made through the Butter Point 
and Wilson Piedmont respectively — avoiding the positions on the latter where its 
feeders come in — distinctly diSerent outlines would be seen. 

Effect of Greater Glaeierisaiion. 

It is quite clear that, with increasing alimentation, especially with a decisively 
greater quota from the feeding glaciers, the Piedmont-Ice sheets of South Victoria 
Land would swell to form considerable sheets of Shelf-Ice. The first step consequent 
upon an increase of alimentation would doubtless be the reversal of the last stage in the 
recent deglacierisation of the region. The Wilson and Butter Point Piedmont-Ice sheets 
would be joined in one by a floating extension of the Ferrar and Taylor Glaciers.* These, 
again, would join up with other notable glaciers, Piedmont-Ice sheets, and Confluent-Ice 
sheets along the coast. There seems no reason to doubt that, at the ^nfl YlTmiTn stage of 
the last glacial period, the whole of these coastal formations reached out to join with a 
much more vigorous ancestor of the Boss Barrier, forming a continuous sheet filling 
the southern portion of the Ross Sea and extending far to the north. 

CoNFLXJBNT-IOE. 

Less detailed notice is required of the fourth type of ice characteristic of the Zone 
of Predominant Wastage. Confluent-Ice is essentially a product of the “ Antarctic 

* Even to-day a tongue of ice from the Ferrar Glacier abuts against the north-west corner of the 

Piedmont-Ice. Owing to an oversight this is not shown in the diagram on page 168, but it can be seen 
in Map VII. 
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stage of the glacial cycle on a juvenile shoreline of submergence. As such it has a very 
restricted range, though it is likely to be typically developed in South Victoria Land, 
which fulfils both the essential conditions for its formation on a large scale.* One of 
the characteristics of the young stage of a shoreline of submergence is the presence of 
numerous islands off the coast. The characteristic of the shore phase of the " Antarctic ” 
stage of the glacial cycle is the presence of floating land ice, b\it in sufficiently small 
amount to permit the easy definition of certain main types due to quite different causes. 
A waning of the glacial cycle would do away with floating land ice altogether ; a marked 
increase in alimentation would merge the sheets into one complete girdle covered deeply 
with snow, and with its original features, due to the presence of a large proportion of ice 
from the inland ice sheets, largely or entirely obliterated. 

Confluent-Ice, as defined in our classification, is : — 

An ice sheet formed by the coalescence of the floating terminations of several 
glaciers, but given a definite form and trend by the presence of a land-bar along 
its seaward edge.” 

The term is therefore much restricted in application, and is correspondingly 
unimportant in comparison with those which have preceded it. It has, however, points 
not common to any other type and it has a distinct physiographic importance, in that 
it, more than most other types, is likely to lead to reversals of drainage lines as a resulb 
of increased alimentation, and is also likely to have a peculiarly efficient scouring action 
upon the rook islands or peninsulas which form its seaward boundary. 

The Camphdl-Priestl^-Comer Conflit&nt-Ice sheet. 

The only sheet of Confluent-Ice examined in detail by the present Expedition is 
that occupying the north-west end of Terra Nova Bay, the surface of which is shown 
in Plate CXXII, Chapter V. Here the Campbell and Priestley Glaciers, with many 
smaller tributaries, pour a big volume of ice into the sea, and this ice is prevented from 
moving eastward by the rock-bar pier formed by the islands known as the Northern 
Foothills and Inexpressible Island, f The pent-up stream of ice surges along the f j ord thus 
formed, and, just before reaching the Drygalski Glacier, receives a mighty tributary from 
the Reeves Glacier to the south of Mount Nansen. There is not wanting the usual evidence 
to show that, in former times, the ice-flood was at least several hundred feet thicker. 
A little island — Vegetation Island — flying approximately parallel to the main ice-flow 
lines, has been glaciated over its summit. Erratics of origin foreign to the district are 
found high up wherever the containing rock slopes are scaleable. Everywhere, the ice 
surface was originally at least 300 feet higher, and very likely much more. Along the 
eastern edge of the Confluent-Ice, the pressure of the ice against the containing rock wall, 

* J. M. Wordie, in a Paper before the Eoyal Geographical Society, hw referred to the occurrence 
of typical Confluent-Ice in Spitzbergen. Here deglacierisation appears to have proceeded somewhat 
further than in the South Victoria Land sector of the Antarctic. (‘ Geog. Jonrn.,’ vol. 68, No. 1, 
July, 1921.) 
t Map XIV. 
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combined with an excess of deposition in the lee provided by the clifEs, causes a distinct 
bulge which is very characteristic. Elsewhere, the surface is level without marked 
irregularities, and this is compatible with the supposition that the ice is afloat for some 
considerable distance back from its edge, perhaps very nearly to the Priestley Glacier, 
where, however, are the first clear signs, in the form of regular crevasses, of a submerged 
rock-bar which must be comparable to the “ Riegels ” of the Dry Valley and the Ferrar 
Glacier. 

Indeed, in many ways, the greatest interest of the region lies in its close resemblance 
to what McMurdo Bound must have been many hundreds of years ago, before the 
recession of the ice. This idea will be mentioned again in the Physiographical 
chapter dealing with this district. 

While, in the main, the surface of the Confluent-Ice is flat and in conformity with 
the hypothesis that it is afloat, there are two series of minor irregularities which are 
sufficiently pronounced to be worthy of mention. The most marked of these are the 
quite pronounced waves, barran9as, and stream channels at the entrance to the Priestley 
and Comer Glaciers, which are the result of thaw, radiation from the rocks, and ablation, 
modifying the original pressure rolls due to the advancing glacier (Plate CXXVII). Less 
marked, but far more dangerous and troublesome, were the complicated crevasse systems 
which occurred where the greater glaciers emptied their quota of ice into the less quickly 
moving Confluent-Ice. The place of junction of the ice from the Campbell Glacier 
with the main ice sheet was particularly impressive to the sledge traveller. 

Owing to the fact that this junction occurred at a place where deposition exceeded 
ablation in a marked degree, not a sign of a crevasse was to be seen, for they were all 
adequately snow-bridged, and even the bridges were covered with a uniform deposit 
of soft summer snow. Underneath this apparently level surface, however, was a 
veritable network of crevasses of all sizes up to specimens a dozen or more feet broad, 
and so numerous that it was only with the greatest difficulty that a sound spot could bo 
found large enough to take the tent. 

Characteristic of the Confluent-Ice at this spot are the long “ railroad ” moraines 
(Plate CXXXVIII, Chapter VII), which stretch out from the Priestley and Corner 
Glaciers, and which afford a valuable indication of the present state of alimentation of 
the ice sheet. 

Opposite the massif between the Corner and Campbell Glaciers, they disappear 
entirely beneath fresh ice, evidently derived from the increased snowfall in the lee of the 
rock clifEs. Once submerged, they remain hidden until many miles beyond, reappearing 
opposite the southern end of Inexpressible Island. The whole of the Confluent-Ice 
south of Vegetation Island is swept continuously throughout the winter by the strong 
dry gales from the Reeves Glacier, which are the principal feature of the air circulation 
of the region. The result of this is ablation on a scale not equalled in any other region 
which the writers have visited. The whole of the thick layer of ice which has accumulated 
higher up the glacier disappears, and the moraines once more come to light just before 
they arrive at the seaward edge of the Confluent-Ice. 
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lOB- T ongues. 

In tlie classification in Chapter V we have placed the Ice-Tongue second in order 
of the Ice-Formations of the “ Zone of Predominant Wastage.” If, as in the Arctic 
and Antarctic at the present day, a sheet of Continental-Ice, or even, exceptionally, 
of Island-Ice, radiates outwards from a central land mass, through the medium of valley 
or wall-sided glaciers, to the sea, one of three things will happen. It may he that, as 
in the North Polar regions, and particularly Grreenland, conditions will he such that the 
various denuding forces will he able to keep all the advancing glaciers cut back to tide- 
level. It may be, as in both Polar regions, that when circumstances, such as a gradually 
shelving shore, favour them, many glaciers may push their way out to sea to a considerable 
distance, forming a fringe of “ stranded ” or “ fast ” land ice along the coast (the 
Piedmont-Ice). It may be, again, as in the Antarctic, that certain of the most favoured 
— ^not necessarily, it would appear, the most vigorous — of the glaciers will make their 
way still further out to sea, quite irrespective of the presence or absence of a friendly 
shore platform on which they might rest, until they float in the sea water as immense 
ice-pontoons — ^the floating Ice-Tongues so characteristic of the Antarctic littoral. 

Perhaps the greatest of all the Ice-Tongues which have yet been discovered and 
partially explored is that of the Denman Glacier, pushing through the Shackleton 
Shelf-Ice with an accompaniment of pressure waves, blocks and chasms so chaotic as 
to be impassable to sledge parties.* Better known, however, and occurring in the region 
explored by the present Expedition, are the Dugdale Ice-Tongue (lat. 71® 30' S.), the 
Drygalski Ice-Tongue (lat. 76® 16' S.), the Nordenskjdld Ice-Tongue (lat. 76° 10' S.), 
the Mackay Ice-Tongue (lat. 77° S.), and the Erebus Bay Ice-Tongue (Glacier Tongue) 
(lat. 78° 40' S.), along the coast of South Victoria Land.f 

At once the question arises : What are the essential conditions for the survival 
of masses of land ice, often of great extent, many miles (sometimes hundreds of 
miles) long, in such apparently equivocal positions, swept by the winds of the 
comparatively warm shore zone, buffeted by the waves, and often strained by strong 
ocean currents sweeping along shore at right angles to their length ? To what do they 
owe the undoubtedly considerable measure of persistence which they enjoy 1 Why is it 
that the Greenland glaciers, for instance, some of which have a movement certainly 
exceeding that of the swiftest known Antarctic glaciers, do not have floating extensions 
of appreciable length ? Are the Antarctic Ice-Tongues to be regarded as survivals 
from a previous age of greater glacierisation, or are they to he accounted for by present 
conditions ? All these questions and others have intrigued the glaciologists of the 
different expeditions, as well as many other scientists who have never set foot in the 
Antarctic, but whose power of absorbing and correlating facts discovered and recorded 
by others renders their contributions to Antarctic Glaciology of outstanding 
importance. 

* The map of the Shaokletou Shelf-Ice and the Denman Glacier, published in the ‘ Home of the 
Blizzard,’ rather makes one doubt if the Ice-Tongue protruding from the former really belongs to the 
latter glacier. 

f Map^I. 
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Only in one case has direct measurement of the velocity of an Antarctic Ice-Tongue 
been made. Measurement with a theodolite showed the movement of the Mackay Ice- 
Tongue during the summer of 1911-12 to be at the rate of 2*8 feet per day. During 
the remainder of the year, there can be little doubt that movement is considerably less. 

Measurements of the movement of Greenland glaciers during the same period of the 
year give considerably greater velocities.* It is therefore to facts other than, or rather 
additional to, the rate of advance of the present valley glaciers that we must probably 
attribute the persistence of the Antarctic Ice-Tongues. This conclusion is also borne 
out by a consideration of different Antarctic glaciers. The persistence of Glacier 
Tongue, for instance, is in marked contrast to the breaking back of other glaciers along 
the South Victoria Land Coast which, judging from a comparison of alimentation 
areas and local precipitation, should be better nourished, but which occur in less favourable 
positions. The question then arises : What factors likely to influence the duration of 
survival of floating ice masses, either favourably or the reverse, differ appreciably in 
Greenland and the Antarctic ? 

Many hundreds of glaciers, both in the Arctic and the Antarctic, reach sea-level 
and front the sea as vertical cliffs, but only comparatively few — and these almost without 
exception in the Antarctic — manage to push their way seaward sufficiently far for 
their ends to leave the ground altogether. If we examine the factors which influence 
the seaward end of such glaciers, we recognise certain agents tending to break off, or 
otherwise remove, the ice which is exposed to their assaults. Such agents, peculiar to 
the glaciers reaching the sea, are the tides, the waves, the temperature of the sea water 
and sea currents. Other agents not confined in their action to such ice-formations, but 
nevertheless entering into the problem to a marked degree, are winds and the temperature 
of the air. Yet other factors which are likely to affect, and undoubtedly do affect, the 
persistence of Ice-Tongues, are their position in sheltered or exposed portions of the 
coastline, and the angle at which the feeding glacier descends from its n^vefield. We thus 
have to consider the effect of at least eight factors, besides rate of movement : — 

(a) Position. 

(&) Tides. 

(c) Currents. 
id) Winds. 

(e) Waves. 

(/.) Slope of Glacier. 

{g) Aerial Temperature. 
ill) Marine Temperature. 

If we apply the test of the above factors to the two type-areas mentioned — ^Antarctica 
with, and Greenland without, Ice-Tongues — ^we shall at once be able to rule out several 
as being either common to both areas in like degree, or as not being of vital importance. 


C^mberlin and Salisbury, ‘ Geology Textbook,’ record that some of the glaciers of Greenland 
are moving m the summer 60, 60, or even more, feet a day. A measurement as high m 100 feet a day has 
been made, but this was a special case of ice crowding into a narrow channel. 
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Tides are of similar magnitude in tke Arctic and the Antarctic. At any rate there 
is, we think, not sufficient difference to cause a definite divergence in the degree 
of persistence of seaborne land ice. Winds and waves, also, may be ruled out 
of court in this connection, because what action they do have must act in a direction 
tending to bring about results exactly opposite to those known to exist. There is no 
doubt that both wind and sea are more, boisterous around the coasts of Antarctica than 
of Grreenland, and yet it is round the shores of the former that the floating Ice-Tongue 
exists in most perfect development. Evidently, the denuding action of both factors 
must be more than counterbalanced by some other more potent agenty. Shelter 
and slope again can be ignored, since, although undoubtedly glaciers favourably situated 
and reaching the shoreline at a low angle do tend more to extend seaward as Ice-Tongues, 
yet favourably situated glaciers do exist along the Greenland coast without producing 
seaward extensions. Also, Antarctic glaciers meeting the sea at a steeper angle than the 
majority of large Arctic glaciers, do persist seaward as Ice- Tongues — ^f or example, “ Glacier 
Tongue,” in Erebus Bay of McMurdo Sound. 

By the process of elimination, then, the factors which might be primarily responsible 
for the survival or destruction of Ice-Tongues have been reduced to three : — 

(а) The presence or absence of strong currents. 

(б) Aerial temperature, especially in summer. 

(c) The temperature of the sea. 

All three of these differ from the factors already passed in review, in that they are 
markedly different in the two regions under consideration, and in that their action 
would, as it happens, naturally tend to bring about the result which does actually exist 
in Nature. 

With the exception of Ice-Tongues formed at the head of deep bays or other 
indentations of the coast, one of the characteristics of these land-ice formations is, that 
they will extend out as piers, practically at right angles to the coast, in a position where 
any long-shore current is likely to have maximum effect upon them. The pressure of 
such a current upon an Ice-Tongue must be immense, as can be gauged by the swirl of 
the water past its end, and as is also indicated by the stripping off of the upper layers of 
water, which frequently takes place, leading to the upraising of the lower layers in lee of 
the tongue. This action is well shown by the persistence of open-water pools in this 
position, sometimes throughout the winter. Such currents exist both in the Arctic 
and the Antarctic, but are certainly much stronger along Arctic shores, owing to the 
comparatively circumscribed nature of the few outlets from the North Polar Basin. 
So far, then, the swift longshore currents might be an important factor in bringing 
about the suppression of floating terminations to Arctic glaciers. 

The persistence of Antarctic Ice-Tongues right across quite strong currents, however, 
seems in itself sufficient to prevent this factor from being considered in any way dominant. 
If currents had any great mechanical effect, such elongated pontoons as Glacier Tongue 
and the Nordenskjold Ice-Tongue could not exist. The solvent effect of the sea water 
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in longsliore currents must undoubtedly be great, but this action is intimately bound up 
with, tbe remaining two agencies whicb will now be considered together : — 

Ai/r and Sea Temperature as affecting Ice-Tongues. 

Undoubtedly, the most marked contrast between the conditions affecting Arctic 
and Antarctic glaciers at sea level is that caused by the difference in the summer 
temperature of the two regions. In the winter, conditions approximate much more 
closely ; but, in the summer, as evidenced particularly by the difference between the 
Arctic and Antarctic flora, a temperature contrast exists, comparable in its effects 
with that between cold and warm temperate climates. The difference as expressed in 
degrees is not great, but it is all-important just because it lies near the temperature 
of the freezing-point of water. The mean Arctic summer air temperature is above, the 
Antarctic below, 0° C. A similar difference, though much smaller when expressed in 
degrees Centigrade, must exist between the summer temperatures of Arctic and Antarctic 
sea water. Even a difference of a hundredth of a degree in the temperature of Arctic 
and Antarctic surface sea layers must react with immense effect on the persistence or 
otherwise of the ice below sea level.* 

Here, at last, we seem to have a factor adequate in itself to explain the fact that, 
in the Antarctic, Ice-Tongues exist, and, in the Arctic, the glaciers in the main do not 
extend far beyond tide level. 

As is shown in the chapter on Icebergs, by far the most potent factor in the formation 
of bergs of true glacier ice (glacier icebergs) is the under-cutting action of sea water, 
which is of course especially active in summer. Almost everywhere where ice is afloat 
in the Antarctic — certainly wherever a current circulates under the ice — the present 
sea temperature conditions are such as to permit a net loss from beneath during the year. 

This loss is naturally more rapid in summer and near the edges of the ice sheet. 
It, combined with the rate of movement of the glaciers nourishing the floating ice 
sheets, sets the seaward l i m it, which will change with a change in either of the two factors 
concerned. Given constant glacier movement, a rise in the mean temperature of the 
sea would cause a recession of the Antarctic Ice-Tongues ; a fall would cause an extension. 
A very small rise in the summer temperature of the Antarctic sea would, in the opinion 
of the writers, reduce the shore-girdle to the semblance of Greenland of the present 
day, without the intervention of any other factor. If the Greenland shore currents are, 
as appears to be probable, more rapid than those along the Antarctic coastline, the 
necessary rise in Antarctic temperature to bring about this result would be rather less. 
That this rise is actually taking place appears quite likely, from the changes recorded 
off South Victoria Jjand within Antarctic historical times. It might well be a more 
potent factor in bringing about a marked degree of diminution of the floating-ice 
extensions than any starvation due to changes in the glacial anticyclone.” 

The single exception to the rule that Antarctic glaciers alone have floating extensions 
appears to be provided by certain Alaskan glaciers, in which country also occurs the 

* Saliaitj of sea water is no less important tlian sea temperature, 
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typical sheet of Piedmont-Ice, the Malaspiiia G-laciei^ In his account of the results of the 
Harriman Alaskan Expedition, Gilbert’*’ expresses the opinion that the Turner Glacier, 
which fronts the sea as a clifi and has no surface gradient towards its seaward termination, 
is afloat. If this is so, it is a further testimony to the way in which analogous results 
may be brought about by excessive precipitation and by low temperature, respectively. 
Alaskan glacierisation is the expression of one extreme, Antarctic glacierisation of the 
other. In Alaska, a local excess of humidity in the air, with sufficiently low temperature 
to ensure its precipitation as snow throughout the greater part of the year on the 
highlands, has brought about many of the same forms of land ice as have been produced 
under the desert frigid conditions of the Antarctic Continent of the present day. In the 
former case, occasional floating extensions of ^aciers exist in spite of the relatively 
high sea and air temperature ; in the latter, they persist beca/use of tlie low sea and air 
temperature. We have here the two extreme sets of conditions, and between these 
may occur an infinite number of combinations of precipitation with temperature which 
may produce similar results. 

All other glacierised regions of the present day apparently lie outside the limits 
represented by these two extremes. 

Gha/racterisUo Featmes of loe-^Tongues, 

Shape . — One typical shape of comparatively slow-moving Ico-Tongues, in plan 
and section, is shown in Figs. 72 and 73 of Chapter V. Other Ice-Tongues are shown 
in Maps I, IV and VI. It is not probable that any Ice-Tongues have shapes essentially 
different in section from that shown, the characteristic of which is the so-called ice 
apron,'’ where the original thickness of the parent glacier is rapidly reduced to the normal 
thickness of floating land ice under present Antarctic conditions* The main agencies 
bringing about this decrease in thickness are two in number : — 

(1) The natural flattening due to gravity which takes place after the release of 

the ice stream from the confining walls of its valley, and 

(2) The melting action of the sea water upon the bottom layers of the ice. 

The triangular shape of the typical Ice-Tongue must be attributed in the main 
to icebergs calving from either side as the ice moves forward. The influence of the 
sea water upon the mass wiU naturally be greatest at the edges, and this will be shown 
by the constant under-cutting and consequent calving of bergs. Along the Victoria 
Land coast of the Boss Sea, a distortion effect might be expected through the presence 
of a current from south to north, bringing an ever fresh volume of surface-warmed water 
in the warmer months of the year to attack the southern face of the tongues. 

This influence is, however, counteracted in at least two ways. The prevalent 
southerly winds tend to trap pack and bergs against the south side of the tongues, and 
thus much of the energy stored up in the water of the current is wasted upon these 
adventitious masses of ice. Also the stripping off of the upper layers of water in passing 

* G. E. Gilbert, ‘ Bepoit of the Hazrunazi AlAskon Expedition.* 
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under tlie tongues, causes the upward flow on their northern sides of the relatively 
saline waters from the middle depths. In the summer, the solvent action of these 
lower layers might not equal that of the surface waters, but, on the other hand, their 
action continues without much diminution throughout the year. Iceberg separation 
in winter is also favoured along the northern edge of the tongues by the presence of the 
winter waterholes referred to in Chapter X. The net result of the three factors appears 
to be the production of fairly symmetrical tongues, except in certain special cases referred 
to later. 

It is to be noted that the calving of the icebergs does not normally take place along 
pre-existing lines of weakness such as crevasses. If this were the case, an entirely 
different and much more irregular shape would result. In the cases where glaciers 
reaching sea level are very much broken up, owing to unevenness or pronounced sudden 
change of level in the last portion of their course, the ice calves off in strips parallel 
to the coast as it begins to float and the annual increment is thus carried away os 
icebergs. 

Cases have been reported of fleets of bergs, collected during the winter in front of 
such advancing glaciers and merely awaiting the break up of the sea ice to allow them 
to move off. Such occurrences are proof positive that the slope where a glacier reaches 
sea level is of distinct importance, though often overshadowed by other factors. It is 
quite dear that a glacier reaching the sea at a high an^e and with a strong horizontal 
movement will split from the bottom upwards, and this split will occur at a position 
where no further change of dope can occur to promote recementation. Sudden changes 
of slope further up the glacier valley, even changes so great and so numerous as to 
cause a succession of ice falls, have often little or no effect upon the behaviour of the 
ice on reaching sea level. 

Ice from such a glacier, providing that it goes to sea with a final gentle slope, will 
often be so thoroughly recemented as to cause the former crevasses either to be closed 
completely or converted into dykes of more or less pure blue ice. Under such 
circumstances, the cracks may become positive sources of strength, binding together 
ice which would otherwise fracture more easily than it does. It requires very little 
time to cause this recementation in some cases, and this is p€urticularly seen in such 
cases as Glacier Tongue and Warning Glacier. The latter is figured in Plate CXXVIII. 
The steep slope just before reaching the sea is well seen. Yet, in the face of the cliff, 
the deeper of the old crevasses mainly show as very perfect ice-dykes. 

This case is probably an exaggerated one, for the conditions under which the glacier 
exists are such as to favour an unusual amount of thaw in summer. It is exposed to 
the northern sun, and it is surrounded by black rock peculiarly favourable to the 
production of water through insolation. Nevertheless, such examples of rapid con- 
version of crevasses from lines of weakness into girders of strength ore not uncommon in 
the Antarctic, and it is significant that these vertical ice-dykes do not form the boundaries 
of Ice-Tongues. Bather, they may be seen cutting its seaward cliff at any angle, 
showing clearly that the latter is sculptured quite irrespective of their occurrence. 
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Undoubtedly, liowever, occasional breaks along lines of weakness do take place in 
loe-Tongues, tliougli certainly less connnonly than in Shelf-Ice. Such a cause must 
probably be assigned to the breaking away of Glacier Tongue in March or April, 1911. 
Lines of weakness which are likely to produce similar breaks on a large scale may be 
observed in the plan of the Nordenskjold Ice-Tongue shown in David and Priestley’s 
illustration in the ShacMeton Memoir. 

While the triangular shape would appear to be the natural form assumed by an Ice- 
Tongue pushing its way steadily outwards from the coast in spite of submarine denu- 
dation, other types do occur which are deserving of notice. 

One of the most surprising features of the Antarctic coastline is the long pontoon- 
like, approximately paraUel-sided Ice-Tongues, good examples of which are seen in 
Glacier-Tongue, Mackay Ice-Tongue and the Nordenskjold Ice-Tongue.* In such cases, 
the length of the tongue appears to be tdtogether disproportionate to its breadth, and 
its apparent fragility is such that there has always been a temptation to call in 
submerged islands or shoals to account for its persistence. Nevertheless, evidence has 
gradually been accumulating— especially in the case of Glacier Tongue— in favour of the 
theory that, except at its shoreward end, such a tongue need have no support other t 
the water upon which it floats. Exhaustive soundings round Glacier-Tongue have 
failed to discover any shoalst ; the contour of the tongue is such as to 
observer certain that no island, similar to, but of less devation than, the nei^bouimg 
Dcllbridge and Dailey Islets affords any great measure of support beneath it. For a 
long time the tongue was looked upon as a relic of the former ice-sheets which m^t 
have filled McMurdo Sound at no geologically distant date. Hie rese^hes of e 
present Expedition have, however, shown that it is in comparativeljM^api movemen , 
and the writoTB’ opinion is that the present supply of ice is quite sufficient to aocoun 
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pecuKarity of the air circulation in this portion of McMurdo Sound. Sledge parties 
containing one or more men interested in Meteorology have again and again remarked 
that, just in the latitude of Glacier Tongue, they have walked out of northerly airs they 
had carried with them from Cape Evans or Cape Royds into the normal southerly breezes. 

Often this change has been marked by the occurrence of quickly forming, but not 
always quickly vanishing, whirlwinds of fresh-formed snow. Local overcast weather 
caused by a mist of crystals has also been observed. There appears to be no doubt 
that Glacier Tongue happens to lie just at one of those junctions where a local air 
circulation meets the ofE-Barrier airs. Hence, excessive precipitation takes place in 
this particular region, and this, in its turn, is the cause both of the unusually 
heavy snow covering on the sea ice in the immediate neighbourhood of the 
tongue (compared with that to the north and south) and also of the snow-drifts 
which line the tongue on either side. It is not contended that the local precipitation 
has any dominant effect upon the persistence of the tongue. That cannot well be so, 
for the southerly gales keep the upper surface windswept and polished except in hollows. 
It may, however, be responsible in some measure for the persistence of its sides as 
parallel, rather than converging. Lines. Snow-drift and snow cornices always form an 
appreciable portion of its seaward edge on either side. Probably the sea ice in some 
of the small bays and coves which occur along its length is trapped, and with its superin- 
cumbent layer of snow is added temporarily to the body of the Tongue. Such lateral 
accumulations must have at least some effect in lessening the action of the sea upon it. 

(h) ’While this interesting process may have some effect in modifying the shape of 
Glacier Tongue, it is believed that the second factor, now to be cited, is the really 
important one which acts in aJl similar cases. Measurements of the velocity of movement 
of Ice-Tongues and the glaciers which supply them are unfortunately not common. 
Movement which is probably much faster than that of the majority of the glaciers has, 
however, been proved for two of the ice streams under consideration — the Mackay Ice- 
Tongue and Glacier Tongue. 

We believe the Ice-Tongues which extend furthest out to sea must usually be 
those which move forward fastest, but that the time taken for a given mass of ice at 
the shoreward end to reach the terminal face is less in the case of the longest than in 
the case of the shortest Ice-Tongues, As a consequence, we would expect the most 
quickly moving tongues to approximate to the shape of a truncated cone, while the 
more slowly moving tongues would approximate to a more perfect conical form. 

It is believed that other more normal tongues — such, for instance, as the Warning 
Glacier Ice-Tongue, and the Dugdale Ice-Tongue — are not moving nearly so fast. The 
Drygalski Ice-Tongue, also, though evidence of movement comparable to that of the 
Mackay Ice-Tongue has been cited by David and Priestley, is so long that it must have 
taken an appreciably longer time for ice to travel from its shoreward to its seaward end 
than in the case of the two Ice-Tongues cited above. If the denudation of an Ice-Tongue 
takes place, as we beheve, mainly by undercutting by the sea, it stands to reason that the 
amount remaining on the sides of the tongue will vary according to the speed with which 
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it moves forward, otter ttings being ec[ual. If tte movement of a tongue is fast, it will 
lose less from its sides before it reaches a given distance from tte store. Thus, of two 
tongues of similar length, tte one moving fastest will be most likely to assume tte 
pontoon form. No evidence is directly available for tte Nordenskjold Ice-Tongue, but 
tte Mackay Ice-Tongue and Glacier Ice-Tongue are known to move unusually quickly, 
and it is probable that they owe tteic shape in tte main to this fact. 

Yet another peculiar shape of a tongue is that which occurs in the Dugdale Glacier. 
Here the breaking back of the tongue, even since 1899, appears to have resulted in 
the conversion of a double tongue into a triple tongue (Kg. 74, Chapter V).* 

It is possible that this breaking back will soon result in, firstly, separation into two 
tongues, and, secondly, the final elimination of the floating terminations of the Murray 
and Dugdulo Glaciers, which lie in a comer where degkicierisaiion is unusually far 
advanced. It might be expected that, in a composite Ice-Tongue whose component 
^aciors quite likely — indeed, almost certainly — ^move at different ^eeds, lines of weakness 
would develop in the same way as, though in less degree than, they do where strongly 
noxirislicd glaciers advance through comparatively stagnant Shelf-Ice or Piedmont-Ice. 


Bound/mg Walls of Ice-Tongues, 

(a) Verticality of th^ Wall. 

Tlio Ice-Tongue is bounded on all its seaward sides by vertical oliff walls, the 
perpendicularity of which is due entirely to the under minin g action of the sea 
and subsequent calving. While there must be a sli^tly greater movement of 
the upper layers than of the lower, this can only be extremdy^ sli^t, certamly 
not sufficient to bring about any appreciable effect before the adjustment due to 
calving has once again produced exact verticality. Such modifications as do oceux 
are duo to aooretionary or erosive agencies. The addition of snow as a pronounce 
snow oornice frequently gives an overhang to portions of a lee oliff ; the breddng awy 
of the upper portions of only partially recemented seracs sometimes ^ iie ^posite 
dto,*. »Kl iiuiy BiYO riae to maitod leMiog piMUoto. (Plate OLXXn, TO). 

Tho Btraight up-and-down oontoui of the ditt may aJso be considerably modifi^ 
in the short Bummer seaflon by flutings due to thaw, which gives rise sometimes to qmte 
pioturosquo effects (Plate CLXXXVII, Chapter YIII.) 
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length. In other cases, on the other hand, the hei^t of the cUfis is notably irregular, 
and such irregularities may be either original or secondary. Examples of original 
irregularities are : — 

(a) the “ roUs ” of Glacier-Tongue which, as described later, may be due to seasonal 
variation (Plate OXXTX), 

{b) pressure waves, hayooclcs, etc., cut through by the bounding walls, and 

(c) barran 9 as due to thaw action (Plate GLXXV, Chapter YIII). 

Secondary irregularities may be due to the incorporation in the tongue of sea ice carrying 
accumulations of snow, which will appear in the face of the clLQ as saucer-shaped de- 
pressions. Beajcing upon this question is the fact that no tide-crack could be seen in 
1908 or in 1912 on the south side of the DrygaJski Ice-Tongue, where it was crossed by 
Shackleton’s Magnetic Pole Party and by the Northern Party of the Scott Expedition. 
A gentle snow slope marked the boundary between sea ice and tongue so far as eye 
could reach either way. When the sea ice south of the DrygaJski Tongue breaks out in 
the autumn, it is probable that the tongue possesses sea chSs that differ in height, both 
from time to time and from place to place, until, finally, the majority of the sea ice 
fringing it breaks away, leaving an undulating cliS of which the lower portions are 
composed of snow accumulated on sea ice in the indentations of the Ice-Tongue itself. 

(c) AppecM-cmoe of the WaU, 

The appearance of the walls of different Ice-Tongues differs according to the 
structure of the ice of the tongue and particularly according to its air-content. 
Plates CXXX and OXXXI show cliff walls of the Same Glacier and the Nameless 
Glacier, respectively. In the former case, the production of blue ice has been 
accompanied by a greater reduction of air-content than in the second. Yet both cliffs 
are of true ice, and similar contrasts probably account for the imdue prominence 
given to the n6v6 berg and ** n6v6 cliS as constituents of Antarctic shore-ice. 
Plate CLI of Chapter VII again shows a portion of Warning Glacier-Tongue, showing 
true ice below and n6v6 above. Plate OLII, Chapter VII, shows a portion of the face 
of the Newnes Glacier, showing “ blue ice ” below and “ bubbly ice ” above. 

(d) Swface of Ice-Tongues. 

Inequalities in the surface of an Ice-Tongue are reflected in its walls and have 
therefore been dealt with in the above paragraphs. The surface of the majority of 
the Ice-Tongues consists of snow, the deposition of which still exceeds ablation along 
many portions of the Antarctic littoral. One of the most striking features of the great 
Antarctic glaciers of South Victoria Land, as shown elsewhere, is the marked changes 
in their surface appearance. Originating in a gathering ground where alimentation 
less ablation is a plus factor, they descend to sea level through a zone where it is a minus 
factor, finishing their life in an area where it is generally a plus factor, the greater 
part of the denudation which results in their ultimate destruction taking place from 
below. Anomalies which occur, such as Glacier Tongue and Warning Glacier Ice-Tongue, 
are due solely to the drift-ohisellii^ and ablative action of stormy winds. This is well 
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shown by the fact that, wherever a lee permits it, snow accmmilates even on these 
exceptional Ice-Tongues. 

The surface covering of snow which is thus normal to Ice-Tongues assists, of course, 
in hiding such inequalities of surface as are original structures brought into being by 
various agencies further up the glacier. One practical result of this is the principle that, 
in order to cross an Ice-Tongue with the least trouble, one should keep as isu: as possible 
from where it abuts upon the land. The greatest Ice-Tongue of the Ross Sea area — ^the 
Drygalski — ^has been crossed in two places by sledge parties. It proved to be deeply 
furrowed by steep-sided valleys named by David ** barran 9 as.^^ When seen by one of 
the writers in the present Expedition, they appeared to be the result of pressure modified 
by thaw, but with their outlines accentuated by huge sastrugi and veiled in places by drifts. 
“ Haycocks ** and crevasses also were not uncommon, these being possibly “ remainders ” 
left from the ice-falls of the valley glaciers, but more probably caused by difEerential 
movement of, and pressure between, the different ice streams feeding the 
Drygalski Ice-Tongue, and, particularly, the David Glacier and the Confluent-Ice to 
the north of it. It is possible, also, that submerged rocks similar to, but lower 
than, the islands to the north may also cause local disturbances which add their 
quota to the pressure whioli is more marked here than in other ice streams of 
similar ^ture. 

(e) Movefmmt of Ice-Tongues, 

Only in one case has direct measurement been made of the rate of movement of an 
Ice-Tongue, when the Mackay Glacier feeding the Mackay Ice-Tongue in Granite Harbour 
was found by Taylor and Debenham to be moving forward at the rate of, approxiniately, 
a yard a day in December and January, 1912. Signs of the movement of Ice- 
Tongues are, however, readily found where movement is appreciable, and three in 
particular may be mentioned as being of importance : — 

(i) Cracks in neighbouring East-Ice.* 

(ii) Pressure in Fast-Ice between an advancing tongue and fixed points in front 

of it. 

(iii) Rolls ” in the Ice-Tongue itself. 

During nine or ten months of the year, an Ice-Tongue in a sheltered bay is usually 
surrounded on three sides by sea ice. As soon as this ice takes the form of a coherent 
sheet it will present to the forward movement of the tongue an obstacle which, though 

yielding, readily records the pressure put upon it. 

If the movement of the land ice is noticeable, two results will appear. The sheet 
of ice will be moved bodily forward away from the land against which it would normally 
rest, and the sea ice between the tongue and any fixed point, such as a cape, an island, 
or a stranded iceberg, will be thrown into folds and pressure ridges. The results of 

* iB'ast-lco ifl sea ice while lomaining fast in the positioii of growth. 
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such an advance — ^the pressure “ rolls in the sea ice, the shear-cracks, and the gradual 
thiTiTiing out of the Fast-Ice towards the back of the bay near the root of the tongue — 
are described in the chapter on Fast-Ice (pp. 349-354). Reference is made to it here 
because, although it is difficult to obtain a direct measurement of the amount of the 
winter’s advance of an Ice-Tongue from the study of these effects, yet it is quite feasible 
to obtain therefrom a good idea of the relative rate of advance of different Ice-Tongues 
situated in a similar environment. 

Such a comparison has been made in the two cases of the Mackay Ice-Tongue in 
Granite Harbour and Glacier Tongue in McMurdo Sound. The effect of the former 
on the Fast-Ice of the bay is described in the pages to which reference is given above. 
The effect of the latter is seen in the heavy pressure ice off the tongue, and, 
still better, in the presence of a crack 30 feet wide, and still increasing when seen, 
north of the Turk’s Head cliffs. This crack was covered with ice which gradually 
decreased in thickness until a thin black line of water remained to betray the fact 
that it was still opening. Debeuham, who has studied both examples, considers 
that the effects in both places are of the same order of intensity, and that the rate 
of forward movement of Glacier Tongue is strictly comparable with that of the 
Mackay Glacier. 

We have thus important evidence linkiTig the two together which, in 
view of their similar shape, is highly suggestive. It should be noted here that 
Professor David, during the journey to the South Magnetic Pole in the Shacldeton 
Expedition, 1907-1909, recorded very similar evidence towards the base of the 
DrygalsM Ice-Tongue.* 

A feature of Glacier Tongue which impresses itself on the observer, even at first 
sight, is the disposition of the ice as a series of “ rolls,” giving to it a surface and undulating 
outline which is very characteristic (Plate CXXIX). These “ rolls ” are about a quarter 
of a mile from trough to trough. 

Similar “ rolls ” may be observed in the Hordenskjold Ice-Tongue and are here of 
about the same length. Although neither of the writers has seen the Mackay Ice-Tongue, 
a olose examination of photographs suggests that there is in this tongue also a 
comparable structure. 

What is the significance of these rolls ” ? 

It is suggested here that they are probably due to seasonal variation, possibly 
a seasonal variation in output from the parent land glacier. If this is so, and it 
appears a feasible explanation, the length of one such “ roll ” should represent the 
forward movement of the tongue during a sio^e year. It is therefore interesting 
that in ^cieis, which from other reasons we believe to be moving at comparable rates, 
the length of the roUs appears to be comparable also. If anything, the rate of movement 
of the Mackay Ice-Tongue would appear to he slower than that of Glacier Tongue, and 
here, in a sheltered bay where there is probably a lee from the main Victoria Land current, 
denudation also zpi^t be expected to be less. 

• David and Priestley, ‘ ShaoMeton Geological Memoir,’ vol. 1. 
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Oeiieral sigmf/ia/nce of Ice’^Tongues as rega/rds the Ice Ovrdle a/rouni 

ATUarotic shores. 

The effect of Ice-Tongues on the Antarctic Land-Ice and Sea-Ice girdle may he 
summarised under five headings : — 

(a) Strengthening effect on Shore Land-Ice. 

(&) Disruptive effect on Fast-Ice along a straight coast. 

(o) Effect as “ bars across currents in preventing the formation of Fast-Icc. 

{d) Collecting of Pack and Bergs on their windward and currentward side. 

(e) Effect in holding up the movement of the Pack. 

Of the above, (6), (o), (i), and (e) are discussed in the chapters on Fast-Ice and 
Pack-Ice and need no further reference here. The strengthening effect of Ice-Tongues 
on Land-Ice formations around the Antarctic shores is very evident. On a straight 
coast, rapidly moving Ice-Tongues will shear their way through the more stagnant 
Shelf-Ice and greatly weaken it, but in an indentation, however shallow, the effect will be 
strongly in the opposite direction. Ice-Tongues stretching out as converging fingers or 
piers will tend to trap the sea ice formed between them and hold it long enough for it to 
become burdened with a thick perennial coating of snow. In such a way, as mentioned 
in Chapter V, great Shelf-Ice formations have been built up in the past. Evidence 
of such a sequence of events is even now to be seen in the angle between the Drygalski 
Ice-Tongue and the Eeeves Glacier, and Campbell-Priestley Confluent-Ice. Acting as 
the ribs of a fan,*^’ these formations under such conditions may play a great part in 
building up the outer ice-formations in the advanced stages of the glacial cycle on a sea- 
bordered land mass. 

Effect of greater OladerisaMon on Ice-Tongues. 

The process outlined above sufficiently indicates one effect of greater glacieriaation 
upon Ice-Tongues. They are likely to lose their individuality to a large extent and 
become merged in a more uniform ice-girdle. The order -of growth with increasing 
alimentation is shown in the classification adopted : — ^Expanded Foot-Ice to Piedmont- 
Ice or to Ice-Tongues, these again to Shelf-Ice of type A. One effect of progressive 
increase in thickness requires to be mentioned, viz., the fact that the erosive action 
of the glacier upon its bed will be prolonged seawards by a thickening of the apron 
where it leaves the land. Significant soundings off the Drygalsld Ice-Tongue suggest a 
scooping out of the sea bottom to a depth of over 600 fathoms, whereas the normal 
depth of the continental shelf both to north and south is about 360 fathoms. This 
scooping was, however, probably carried out at a time when the coast was at a higher 
elevation than at present, since comparatively recent subsidence has certainly 'token place 
along the whole coast.* 

Shelb’-Ioe, 

In the chapter dealing with the classffication of ice-formations, Shelf-Ice was placed 
in a category by itself, for the reason that it lies within a zone of balanced forces 

♦ This point will bo dealt with in Chapter III, “ Phyaiography, Robertson Bay and Terra Nova 
Bay,»» by R. B. Priestley. 206 



where supply^ movement and wa^ge all exist in the same zone and where none of the 
three is predominant. Supply, as usual, is in the form of precipitation, with some 
additions due to the oulpouring of ice from the Land-Ice formations of the uplands, 
and wastage is by ablation and by the solvent action of the sea water on which it rests, 
as is the case with Ice-Tongues. 

The occurrence of Shelf -Ice is of particular interest to the Antarctic glaciologist, in 
that the size of the sheets far transcends that of any other known ice-formation, with 
the exception of Continental-Ice, and because their occurrence is at present limited 
to the Antarctic regions. The occurrence of this type of ice-formation in large areas 
demands above aU an adequate supply of locally deposited snow, coupled with tempera- 
ture and salinity conditions in the sea water, such that solution of the Shelf-Ice wiU not 
proceed at too great a rate. These two conditions differ from the conditions affecting 
alimentation and denudation of Land-Ice formations, because of the paramount 
importance of coastal precipitation and of the denudational effect of sea water. It 
appears probable that suitable conditions are only met in Antarctic waters, and that this 
type of ice-formation cannot at present form in Arctic seas, owing to the relatively 
unfavourable temperature and salinity of the North Polar seas. 

The suggestion has been made elsewhere that the blue ice characteristic of valley 
glaciers owes its occurrence largely to the dry winds sweeping down the glaciers from 
the Plateau. Towards the foot of the glacier close to sea level, on the other hand, 
conditions are quite likely to become more favourable to an excess df precipitation over 
ablation. However this may be, and whatever may be the cause, the fact remains that 
the portions of a glacier which reach sea level are usually snow-covered, and this is 
particularly true of the almost level ice masses which extend far from land and which 
lie only about 100 feet above sea level. 

The grandest example of this type of ice-formation is the Boss Barrier* 
(Plates OXXXII and CXXXIII), but the ice mass to which Nordenskjdld gave the 
name /SieZ/feisf is obviously similar in many respects, though our knowledge of this 
formation is much less complete than our knowledge of the Boss Barrier. 

Since the discovery in 1841 by Sir James Boss of the huge ice-formation bearing 
his name, which barred his way to the south, no single geographical feature in Antarctic 
regions has excited so much interest or been the cause of so many speculations. Not- 
withstanding this interest and the fact that it has been many times traversed, our 
knowledge of the glaciology of the Barrier has been but little advanced. 

The labours of Sir James Boss delimited the northern boundary ; the expedition 
of Borchgrevinck established the feet that the glacier had receded between 1841 and 1899. 
This latter fact was confirmed by the late Captain Scott in the Discovery Expedition of 
1902, when, by soundings and measurements of the height of the seaward edge, this 

* Maps I and H. 

t Shelf-Ice of this type has not been examined by the writers. It is recognised as a sub-typo under 
the name of Shelf-Ice of type B, and its method of formation is discussed shortly in Chapter V. For 
further details readers are referred to the original description of its discoverer, Dr, Otto Nordenskjdld, in 
his memoir, ‘ Dio Schwedisohe SUdpolar Expedition und ihre Ckographisohe Tdtigkeit.’ 
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edge was shown to be afloat. Observations from a balloon showed that the Barrie 
was not uniformly level, but that the upper surface was bowed into waves which here, 
at the seaward edge of the eastern portion, ran about east and west. The distance from 
crest to crest of the undulations was found on a short sledge journey to be about 3 miles. 
Later observations by Captain Scott, ShacMeton, and, finally, by Amundsen, on sledge 
journeys, have roughly delimited the boundaries, and showed that the Barrier, though 
generally level, is thrown into huge pressure ridges in the vicinity of land and, particu- 
larly, near the glaciers leading down from the Plateau. 

With our present knowledge, the Barrier may be taken as a snow-laden sheet of ice 
about 600 miles wide and 400 miles broad, afloat at the seaward end, with a height at 
the terminal face varying from 0 feet to 160 feet. The total area of this sheet cannot be 
far from 160,000 square miles. 

Though the Ross Barrier is by far the largest floating ice-formation known, other 
floating sheets of a different type are common in the Antarctic, and have been discussed 
earlier in the chapter. The extension of a glacier into the sea in Antarctic regions is in 
fact the rule, provided the movement of the glacier is sufficiently rapid ; and such a 
glacier will extend into and float on the sea, until the loss at the seaward end is 
sufficient to balance the forward movement. The loss at the terminal face of land ice 
is comparatively insignificant in these latitudes, unless the ice is afloat and the seaward 
portions can be undermined and broken off to float away and expose a fresh face 
to the action of the sea water. The formation of a floating extension is, therefore, a sure 
indication that the rate of advance of the glacier is rapid, and, other things being equal, 
the longer the extension the quicker must be its rate of movement seawards.* 

As will be seen later, this seaward movement is compounded of two — (1) that due 
to the thrust of the land glacier or glaciers behind the floating portion, (2) that inherent 
in the floating portion of the glacier, which tends to expand outwards under its own 
weight, just as a piece of tar lying on a flat surface tends to flatten and thin itself. A 
gradient, either on the upper or lower surface, is not necessary for the initiation 
of the spreading action, which, however, obviously does not assume importance 
until the dimensions of the floating portion of the Ice-Tongue or Shelf-Ice are 
considerable. 

That the seaward portion of the Ross Barrier is afloat is conclusively proved by the 
measurements of the height of the terminal face and by soundings, as also by the fact 
that Shackleton’s vessel, “ Nimrod,’* when moored alongside the Barrier, moved up and 
down with the tide exactly in unison with the Barrier. 

If further proof were. needed, it is furnished by the quick retreat of the Barrier 
since first sighted by Boss in 1841, as it is obvious that no such rapid loss from the 
seaward face would be possible unless the seaward portion of the Barrier were afloat. 

Soundmgs and Barrier heights are shown together on Map II^ 

That the retreat of the Barrier continues is indicated by the disappearance of Balloon 
Bight between 1902 and 1008. 

* This question has been disouBsed undex the heading “ Ice-Tongues.’* 
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Though this considerable ohange has taken place in the eastern portion of the Barrier, 
the western portion of the Bairiei seems to have remained almost unchanged since 1002, 
and, according to Debenham, a comparison of photographs and sketches taken at Gape 
Crozier in 1902 and in 1911, shows that, in this period, the Boss Barrier at its extreme 
western edge has, in fact, advanced slightly. 

Obevasses, Pbessube and Movement. 

As we have already stated, the formation of crevasses is to be referred in all oases 
to the occurrence in the body of the ice mass of tensions which are too great to be 
accommodated by movements of the ice molecules, so that rupture is caused. Such 
rupture occurs on the Barrier only in the nei^bourhood of land, or along a line joining 
two points of land which divides the Barrier into portions which act and move indepen- 
dently of one another. The series of crevasses along the line drawn from White Island 
to Cape Crozier are of the latter type, and they mark the boundary between the relatively 
stagnant portion of the Barrier lying between White Island and Boss Island and the 
main body of the Barrier, whose motion is much quicker. Other types of crevasses 
which have been observed on the Barrier can be referred, either to the proximity of 
outlet glaciers leading from the Plateau, causing a difEerential movement of the Barrier 
ice, or to the fact that the Barrier ice is locally resting upon firm land, or touching the 
sea bottom. The crevasses met by Amundsen during his journey to the Pole, 46 miles 
south of Pramheim., cure apparently of this type. 

Pressure ridges or waves are invariably associated with crevasses of the last type, 
these waves lying roughly at right angles to the direction of movement of the Barrier. 
The height, wave-length, and number of these pressure waves will be a function of the 
velocity of movement and of the Barrier thickness, and the approach to a glacier while 
sled gi ng on the Barrier will be announced by the occurrence of pressure waves whose 
amplitude increases as the glacier is neared. The greater the velocity and volume of the 
glacier, the further out will the pressure waves first become appreciable. 

Where the Barrier meets an obstruction, such as that postulated as causing the 
crevasses observed by Amundsen, pressure waves will be formed parallel to, and on that 
side of, the obstruction which faces the direction of advance of the Barrier. Somewhat 
similar are the heavy pressure ridges formed at Pram Point, near Hut Point on Ross 
Island, where the movement of this confined portion of the Barrier is obstructed by the 
land. These pressure ridges at Pram Point are not very numerous, but comprise several 
well-defined waves about 160 feet from crest to crest and 30 feet in vertical distance from 
crest to hollow. Similar, but larger, pressure waves line the southern and eastern 
portions of Ross Island, especially near Cape Crozier. The general run of these ridges 
is shown in Map III. 

Mention has already been made of the pressure waves (running nearly east and west) 
observed by Captain Scott near the seaward edge of the Barrier, but in general one of the 
most stri king characteristics of the Barrier far from land is‘ the extreme flatness of its 
surface, neglecting the minor rugosities caused by wind action. 
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On the Barrier journeys o£ the present Expedition, however, ridges were observed 
which appeared to be somewhat similar to those referred to above. It was estimated 
by us that these ridges measured about miles from crest to crest, and were about 
10 feet in height. 

The only other pressure ridges inet on the Barrier far from land by the present 
Expedition were those jSrst observed in latitude 82® 30' S., which were caused by the 
thrust of the Beardmore Glacier against the Barrier. These ridges were first observed 
about 60 miles from the mouth of the Beardmore Glacier and increased in size as the 
glacier was approached, until the height of the ridges must have approached 40 feet, 
with a distance of some 2 miles between crest and crest. 

As the glacier was more closely approached, the ridges apparently became less 
pronounced, no doubt due to the fact that the parties ascended the glacier throu^ 
The Gap (a comparatively stagnant branch separated by Mount Hope from the main 
body of the glacier) and did not, therefore, traverse the main pressure area. The 
violent blizzard and heavy snowfall experienced early in December at the foot of the 
glacier undoubtedly partly filled up the hollows of any pressure waves which may have 
existed close to The Gap. 

The route followed by the present Expedition on the journey to the Pole gave few 
opportunities for observations on crevasses and pressure, the route being chosen by 
Captain Scott so as to avoid these pitfalls as much as possible. Thus, the first ‘‘ leg ’’ 
of the journey on the Barrier, from Hut Point to Comer Camp, was designed to out the 
line of crevasses running from White Island to Cape Crozier at a large angle, and to carry 
the turning point such a distance beyond this line that no crevasses would be met on 
the remainder of the journey, until the Beardmore Glacier was approached. The route 
chosen was an excellent one from this point of view, no crevasses whatever being seen 
from Corner Camp southwards. 

No observations were made of the Barrier movement approaching in accuracy those 
measurements we owe to the Discovery and ShaokLeton’s 1908 Expeditions. This 
measurement gave a movement of 492 yards per year (4 feet per day) in a direction 
N.30®E., at a point about 9 miles east of Minna Blufi. This figure is an average for the 
years which hod elapsed between the laying of a dep6t by Captain Scott and its 
rediscovery by one of Shaokleton’s sledge parties. In this observation of movement 
the motion was referred to fixed points on land, while in the present Expedition the 
courses made lay far from land. Astronomical locations of the depdts laid at Corner 
Camp and Bluff Dep6t in 1911 and 1912 did, however, show a movement of the same 
order as that given above, but the result, though in excellent agreement with the previous 
one, can lay little claim to accuracy. It is interesting to note tliat sketches showing 
Mount Discovery behind White Island, made at Comer Camp in 1911 and 1912, indicated 
this movement in the most striking manner. 

On the other hand, it is stated by Amundsen that no movement of the Barrier was 
detected at his winter quarters at the eastern end of the Barrier. This result is no 
doubt to be referred to the presence of land slightly to the south of that station, which 
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was indicated by an increase in height of the snow surface to 268 metres, and was 
associated with crevasses and pressnie ridges on the Barrier snrface. 

No observations have been made of the movement of the Barrier midway between 
the two points, but, from general considerations, it seems unlikely this will be less than 
4 feet per day, the figure representing the movement of the Barrier in the extreme west. 
In any case, the mean rate of northward movement can hardly be less than 3 feet per day . 

Though all observers unite in reporting the presence of undulations on the surface 
of the Barrier at particular points, these undulations are not pronounced, except in the 
sp^ial locafities mentioned. That they are not easily visible can be understood from 
the fact that the distance from crest to crest may be as much as 3 miles. Even, however, 
i£ the whole surface .of the Barrier were undulating, the tendency of the prevailing winds 
would be to fill the hollows with drift snow. That this efEect may assume importance 
seems clear from our observations on the sea ice at Cape Evans. This ice, in the spring 
of 1911, was seen to be marked by a series of undulations roughly parallel to the shores, 
measuring more than 100 feet from crest to crest, but with an amplitude of less than 
1 foot. Notwithstanding the small difference in height between hollow and crest, the 
hollows could be recognised after each slight deposit of wind-driven snow, by the fact 
that the whole of this new snow lay in them (Plate OOXXXIV, Chapter X). 

Besides these pressure undulations on the Barrier surface, which will themselves 
tend to become Med as a result of drifted snow, the wind operates everywhere in the 
formation of the " sastrugi ” described in Chapter I. Areas of the Barrier which are 
constantly exposed to strong winds, whether carrying snow or not, will present a com- 
paratively hard and uneven surface to the travdDier, while areas which are seldom 
visited by violent winds will present a soft but level surface, provided there is hero a 
siMdent snowfall, which is usually the case. 

Map III shows the directions of sastrugi on the . Barrier as observed by our 
Expedition, and the areas where sastrugi were not pronounced. Where the sastrugi are 
“ mixed,” indicating the occurrence of high winds from various different directions, 
we should expect a priori that the amount of retained snow would be a maximum. 


Thiokness and Structuee of the Barrier. 

Dr. Simpson, in his Meteorological Report (vol. 1), has dealt with the aneroic 
observations taken on the various sledging journeys, and has reduced these so as to shov 
the difference between the barometric height at Cape Evans and on the Barrier on th< 
course followed by us on the Polar journey. Eor details, the original memoir shoul( 
be consulted. As head winds were constantly met along the route followed, it is probabl 
that the pressure gradient on this course is small. 

If, moreover, a pressure gradient along the course followed on the Polar joume; 
exists, it must be of such sign that the pressure increases towards the south. Th: 
increase, it existent, will tend to make the Barrier heights deduced from barometr 
readings too small, but the magnitude of this discrepanby can certainly not be very grea 
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Wo may, therefore, conclude that the height of the Barrier increases from the Barrier 
edge close to Hut Point comparatively quickly, until latitude 79° S. is reached, the Barrier 
surface south of 80° S. being sensibly level, but possibly rising slightly as one proceeds 
further south. Beyond 80° S. latitude, the Barrier surface is not less than 170 feet 
52 metres) above sea level. The corresponding figure derived by Mohn* for the mean 
Barrier height on Amundsen’s journey on a different route is 60 metres, a figure which 
is in close agreement with that given above. 

It is not without interest to observe that the Barrier heights derived by Mohn from 
observations by Amundsen show considerable variations, rising to 258 metres only 
40 miles south of Pramheim, the height being generally less south of 81° S. than north of 
this latitude. There can be no question that this considerable height just south of 
Franiheim is due to the fact that the Barrier here rests on the ground, this inference being 
supported by the occurrence of pressure and crevasses about 46 miles south of Pramheim. 
Ih'oni 80° S. to the south, on the course followed by Amundsen, there are no very large 
variations in the Barrier height, the mean height between 80° S. and 81° S. being almost 
100 metres, but a lesser height was observed further south, the minimum being at 82° S., 
with a height of only 36 metres. 

These figures for Barrier height can lay no daim to great accuracy, being derived 
from simultaneous observations of the barometric height at widely different positions, 
or by calculation from the observed change in barometer reading in journeying from 
camp to camp. There seeras no reason, however, to doubt the conclusion that the 
Barrier surface is fairly level except in the neighbourhood of land. 

The evidence for the statement that the Bamer is afloat at its seaward face has 
already been given, and appears to be quite conclusive. It cannot, however, be assumed 
that the Barrier is also afloat far from its seaward edge without further investigation. 
We have no accurate knowledge of the mean density of the Barrier, which would enable 
us to estimate what proportion of the Barrier lies below sea level and what above sea 
level, but certain deductions can be drawn from other sources. Sound^, which ^ve 
been'made in the vicinity of stranded Barrier bergs on this and on previous expeditions, 
seem to show f akly clearly that such a berg floats with about one-fourth to one-fifth of 
its thiclmess above and three-fourths to four-fifths below sea level, ^e observations 
made by the Shackleton Expedition, when digging out the site^ of Scott’s Depdt A near 
The Bluff showed that 8 feet 2 inches of snow had been deposited in 6 J years and that 
tMs sn^ had a mean density of 0- 6. At greater depths, one would expect the d^ty 
to be greater, and there is, therefore, no reason to doubt the accuracy of the figures 

derived from the soundings around stranded barrier bergs. ^ 

A careful series of sextant observations of the hei^t of the Bamer was m^e by 
the officers of the “ Terra Nova ” on the present E:q)edition, the heights observed being 


shown on Map II. , t -i j j. 

At no point was th« height of the Barnet above aea levd, where obs^ed, geeatm 

than 160 feet. In general, the heights obeerved by the present Espedition ate m 
* BoaJd Amundsen’s Antaiotic Ba^edition — Sraentifio Besnlta Meteotology. 
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-wiiili those of the previous Shaddeton Expedition, except as regards that 
portion of the Barrier in longtude 172“ E., where the hei^t observed by the present 
Expedition was only 138 feet, or 100 feet lower than the height rewrd^ by the 
ShaoHeton Expedition. This disagreement is somewhat surprising, in view of the 
agreement elsewhere, both in plan and elevation, and suggests the possib^ty of an error 
in the first observations, thou^ there is always the chance that a single very high 
portion of the Barrier was missed in this area by the present Expedition, or had been 

broken off in the interval. 

The total variation in height observed by our Expedition was from 6 feet to 160 feet, 
the frkTTnPT figure being observed in an inlet which obviously corresponded to the trough 
of one of the waves on the surface of the Barrier,* In the previous interval between 
the first Scott Expedition and the first Shaddeton Expedition, a large portion of the 
Barrier neat Balloon Bight had disappeared, while between the first and second Expedi- 

tions by Scott some general advance may have taken place. 

Even if the assumption is made that the density of the Barrier is much greater 
than seems conceivable, the soundings made at the Barrier edge show that, here at least, 
the Barrier must be afloat. No direct measurements of the density of the ice in true 
Barrier Bergs is on record. From the appearance of the seaward face of the Barrier, 
it seems that it is formed either of n6v6 or of white huhbly ice, though the Shackleton 
Expedition reports the appearance of dear ice near Eramheim. This is not surprising; 
in view of the presence of pressure ridges and crevasses a few miles to the south, 
indicating the presence of land upon which the Barrier here rests* 

Temperature, Humtoity, Precxpitation, Ablation and Erosion. 

The ftiT temperature on the Barrier is known with a certain degree of accuracy and, 
as shown by Dr; Simpson, f the temperature curve lags only eight days behind the insola- 
tion curve, the temperature in spring rising at abnost the same rate as it falls in autumn, 
and the coldest and warmest days being almost at midwinter and midsummer. In aU 
months, the temperature on the Barrier is colder than at Cape Evans, the difference 
being, however, greatest in winter and very small in summer. Thus, the yearly variation 
of temperature is large on the Barrier, the summer temperature, being, however, little 
bdow that at Cape Evans. Similarly, the amplitude of the daily variation of temperature 
in summer is very large on the Barrier, the maximum temperature being slightly lower 
that at Cape Evans, but the TniniTmim temperature considerably lower. 

Ah Dr, Simpson has pointed out, these differences between Cape Evans and the 
Barrier are primarily due to the difference between the two surfaces — ^ice-covered or 
ice-free sea at Cape Evans, and snow-covered ice on the Barrier. The large amplitudes 
on the Barrier are easily seen to he the result of the low specifto heat, and low heat 
conductivity of a snow surface, in comparison with solid ice or water, 

* T1l 6 same iiiLet Tim pexsifited in the inteirv^ tetween the Shaddeton and Soott Bxpeditions, indicating 
that no great ohange has lately tdcen place on the seairaxd edge in this region. 

t ‘ MeteoiologLoal Report,* voL 1, pp. 84-86. 
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The reason for the masdinuin temperatures falling very closely together might 
conceivably be the fact that the upper temperature limit is set by the melting-point of 
ice and snow, were it not that the temperature very seldom rises to freezing-point in 
these latitudes. 

It is probable that an additional reason for the difference in temperature variations 
in the two places lies in the fact that convection currents will be far less powerful at 
the lower (“ night ”) temperatures of the Barrier, so that the minmnim air temperature 
closely approaches the snow temperatures at this time, while at times of maximum 
temperatures, much of the heat given by the surface to the air is carried upward by 
convection currents. 

It is further necessary to explain why the Barrier temperatures remain almost 
unchanged during the winter months, while radiation from the. surface continues most 
active. The explanation is that the proximity of the Boss Sea, and the frequent blizzard 
winds, cause a most effective Tniym g of the upper and lower strata in the atmosphere, 
so that the mean temperature of the Barrier in winter is governed by the temperature of 
the air some three or four thousand feet above the Boss Sea, which is itself governed by 
the temperature of the sea water below. Very cold and comparatively warm periods, 
therefore, alternate on the Barrier during the winter. 

An important point of interest to Antarotio travellers is that the days of equal 
mean temperature on this snow-covered expanse are almost equally distant from mid- 
winter’s day, so that the best date for the start of a sledge journey under given conditions 
can readily be calculated. 

It is of very great importance to obtain fuller information regarding the percentage 
humidity and vapour tension of the Antarctic atmosphere, in view of their efiect upon 
the rate of ablation of the snow surface, since such information as is available is not too 
reliable. Almost invariably, it was observed during the winter at Cape Evans that 
there was considerable evaporation from exposed ice surfaces during blizzard winds, 
even when snow was apparently falling during a large part of the blizzard. This can 
only mean that, at Cape Evans in these conditions, the air was not wholly saturated with 
water vapour, suggesting that the air had descended in the immediate vicinity of the 
station. In addition to this loss, there is the erosional action of the wind-borne drift 
in “ chiselling ” away the surface. If this result is equally true ou the Barrier and true 
during the summer months, it will involve a considerable ablation even during many 
blizzards. 

The most complete measurements of percentage humidity are those due to Amundsenj 
the conditions at whose winter quarters approximated to those on the Barrier so far 
at least as temperature was concerned. Amundsen found that the percentage humidity 
reached a Tnn.TiTmiTn ia July and August and a TniTiiTmim in. November, the mean 
humidity [varying from 90 to 73 per cent., and the mean vapour pressure varying 
from 0*1 mm. in August to 2 * 4 mm. in December. The driest wind was from the south, 
the wettest winds (which were also the least common) blowing from the north and 
north-west. 

0 3 
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We cannot assume tliat these conditions hold on the Barrier at a distance from its 
seaward face, though there seems some likelihood at least that, apart from drift snow 
caught in the lee of any inequalities on the surface, the net gain to the Barrier surface 
during winter blizzards is not large. This was undoubtedly true during the winter 
of 1911. Amundsen, in fact, reports drifts only 1^ feet high formed in the lee of liis 
depdts during the winter. 

Our own Polar sledge parties, though noting heavier drifts in the lee of cairns and 
depdts (a drift 100 feet long and 10 feet high at the large One Ton ’’ Dep6t) observed 
that small objects dropped in the preceding autumn, 9 months before, opposite 
Minna. BlufE Were only covered with 4 inches of soft snow. The conditions were quite 
otherwise in the following year (possibly due to the more open conditions in the Ross 
Sea), and the drifts were very much heavier in the lee of cairns visited by the search 
party. 

Considering all the evidence which is available, it seems more than probable that 
the greatest additions to the Barrier surface take place in the summer months, probably 
during two or three fairly heavy snowstorms, denudation slightly exceeding precipitation 
during the remainder of the year. Light snowfalls also frequently occur in the summer 
months, but the total amount of snow precipitated on these occasions appears to 
be small. 

No further information is available as to the absolute magnitude of the annual 
precipitation on the Barrier, or the loss from the Barrier surface due to evaporation, 
wind and other physical causes. The only valuable piece of evidence regarding the 
difEerence between the addition to the surface and the subtraction from it, is that due 
to the rediscovery of Captain Scott’s Dep&t A ” by the Shackleton Expedition, and 
the sledge party who stumbled across this Dep6t are to be congratulated in having 
extrsLcted the maximum good from an accidental rewjowire.* They dug down to the 
Dep6t, and ascertained that in the interval of 0j years, 8 feet 2 inches of snow had 
accumulated on the surface, of average density 0'6, or an average annual increment of 
7 • 6 inches of water. 

This figure is almost certainly too large, as the growth in the neighbourhood of any 
obstruction (such as a dep6t) is much greater than the growth on a level undisturbed 
surface, due to the drift carried by winds and deposited in the lee of the obstruction. 
A single snowfall has been known to add locally 2^ feet to a level surface, corresponding 
to about 4 inches of rain. Such occasions are, however, rare, and it is unlikely that the 
average annual precipitation on the Barrier exceeds 20 inches of rain, the greater part 
of this precipitation being removed by ablation and wind erosion. It is also impossible 
to estimate the magnitude of the denudation from the surface due to wind action, but 
oases are not uncommon where 1 foot, or even more, has been locally taken from the 

* Ernest Joyce was in command of tlie party and Ae. L. A. Mackintoali, an officer of the ** Nimrod,” 
was reBponsible for the ohservationB. The incident is one of the most striking on record of the way in 
which non-floientffic memberB of Antarotio Expeditions have appreciated the vidue of, and have added 
their contributionB to, glaciologioal work. (iSee Eoiewoid.) , 
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surface and blown northward, to be deposited either in the sea or on the Barrier further 
to the north. It is considered that this factor is at least as potent in the process of 
denudation as the loss due to evaporation from the surface. 

The efEect of wind, both on precipitation and ablation, is, we consider, of decisive 
importance. The evidence goes to show that both factors vary in opposite directions 
(but tending, of course, towards the same result) in diSerent situations. The accumulation 
of snow on the Barrier is likely to be very patchy, and areas where precipitation is 
above normal are areas where ablation is likely to be below normal. 

In addition to the changes taking place on the upper surface, alterations take 
place to the seaward face of the Barrier, and it is known that, since the Expedition 
of Sir James Boss in 1841, the Barrier face has retreated about 25 miles on the average. 
Since 1902 there has been little change on the whole, though comparison of maps 
gives some indication of a readvance. If we had more accurate measurements of the 
general rate of advance of the ice, it would be possible to estimate fairly exactly the 
annual loss which must take place through the discharge of icebergs to bring about 
the neutralisation of this forward movement. The manner in which these bergs are 
annually broken ofE from the face shows that the prime cause is melting by the warm 
water lying beneath the Barrier, which is most effective close to the edge. This action 
suggests the presence of a warm current from the north in the lower layers of the 
Boss Sea. 

If the sea water under the Barrier were stagnant, effective equilibrium between 
temperature, salinity and pressure would exist where the Barrier ice is in contact with sea 
water ; but, if there is a warm ocean current circulating beneath the Barrier, the under but* 
face of the Barrier must melt to some extent. No information is available which would 
enable us to estimate the amount of this melting. A point, however, to notice, is that a 
local increase of precipitation on the highest part of the Barrier surface would depress 
the under surface locally, if afloat ; this would upset the equilibrium between ice and 
sea water, and melting would proceed until equilibrium were once more established. 

Granted a uniform circulation of sea water beneath the Barrier, it is clear that 
melting must take place at the under surface, and that this action will be most energetic — 

(1) at the seaward edge, where the current jSxst meets the Barrier ; 

(2) on those portions of the Barrier (even far from the seaward edge) where the 

Barrier is of greatest thickness. 

We know that the Barrier is melting at its seaward edge and it is this which causes 
the formation of Barrier bergs and prevents the Barrier edge from advancing to the 
north. There must, therefore, be a current washing the northern edge. There is a 
strong surface current which drives the hergs to the north, and this suggests that the 
current from the north is in the nature of a migration of the sub-Buiface water to take the 
place of the surface water driven north by the predominant southerly gales. This 
seems to the writers to offer the only plausible explanation of the fact that the Barrier 
does not iacrease notably in hei^t as land is approached to the south. 
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Let us coDBider ioT a moment what would be the state of affairs if the Barrier were 
aground at a point (say) 100 miles from the back of the Ross Sea, remembering that — 

(1) a considerable volume of ice pours down the Beardmore and other glaciers to 

add its buUc to the Barrier ; 

(2) the flattening action of a mass of ice in this latitude depends very largely 

on the temperature, and to some e3ctent on the pressure. It is therefore 
greatest in the case of a mass of ice resting on warm sea water. 

If the Barrier were agroimd within 100 miles of the Beardmore Glacier, the slope 
of the lower surface would necessarily be small, because the slope of the upper surface, 
is known to be very slight. The tendency of this mass to spread seaward would be slight, 
and it seems impossible that the thrust of the glacier behind could overcome the friction 
and set the Barrier in reasonably swift motion without the mass of ice pouring down the 
Beardmore Glacier piling up to a very considerable thickness near the glacier mouth. 
In fact, quick forward movement in an ice mass resting on land demands an appreciable 
slope of the upper ice surface. 

Further, the flattening ” of an ice mass, with a lowering of the upper surface 
in the process of flalitening, involves a spreading out of the mass to those directions 
in which it is unconfined by land. The quickest moving portion of the Barrier is that 
which is nearest the seaward edge, and the slowest moving that which is close to land. 
Given a more or less uniform snowfall, therefore, there should be a rapid increase of 
height as land is approached, unless, either melting takes place below at the greatest 
rate where the thickness is greatest, or the rate of “ flattening ” increases enormously 
with a s m a l l increase of thickness of the ice mass. Both these actions wUl be simul- 
taneously effective if the ice mass rests upon water at free 2 dng temperature, but cannot 
operate effectively if the mass rests upon land, where the mean temperature of the 
year is below zero Fahrenheit. May it not indeed be, that the comparative thinness 
of the Barrier between Ross Island and White Island is caused by a more effective sub- 
glacial water circulation here than elsewhere ? Certainly it would be strange if tlie 
yearly permanent snow addition in this neighbourhood were eventually found to be 
much less than that which remains on the surface in the centre of the Barrier. 

Under conditions of greatly increased precipitation, greatly decreased ablation 
or decrease in sea temperature, the Barrier might slowly increase in thickness until it 
rested on the ground ; the growth in thickness would then become rapidly accelerated — 

(1) owing to the fact that melting could no longer proceed from below ; 

(2) owing to the fact that the rate of movement seaward would notably decrease, 

partly in response to the lower basal temperature and partly to friction 
on the ground. 

Oertaihly the comparative freedom from crevasses and pressure far from land 
seems to indicate a real lack of differential movement, while one would certainly esqpect 
to meet much more crevassed areas iE the Barrier rested upon the ground, either whoUy 
or in part. 
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It is unfortunate that opportunitieB were not afEorded on this Espedition to take 
serial temperature measurements in crevasses the Beardmore Grlacier, as this 
would have ^ven evidence of a most definite character. 

It has been generally assumed, since the upper surface of the Barrier at some 
period lay at least 800 feet up the slopes of Boss Island in the region of Cape Crozier, 
that the general height of the Barrier above sea level must have been not less 
than 800 feet higher at one period in the past. This would have been sufficient to 
cause the Barrier to take ground, at least in places, at its present seaward edge. This 
deduction as to previous height cannot, however be drawn, sinoe the thrust from behind 
would certainly have forced that portion of the Barrier which abutted Boss Island far 
above the general level of the Barrier surface. The sketch shown on p. 128 of the 
Shackleton Memoir (Geology) clearly indicates that this action takes place to some 
extent at Minna Bluff even at the present time. 

Witli such evidence as is at present available, it seems desirable to make certain 
numerical calculations, in order to throw light on the equilibrium conditions obtaining 
at present. Eor the purpose of these calculations, we will take the following figures : 

Average height of Bairier above sea level (inland), 160 feet ; northern edge, 120 feet. 

Total thickness of Barrier (inland), 750 feet. 

Average annual excess of predpitation over surface denudation, 16 inches of snow 

of density 0*6. 

Average rate of movement at the seaward edge, 1600 feet per year. 


Wo win further assume that the Barrier everywhere floats on the sea for a length 
of 260 miles and a breadth of 320 miles, the movement of the Barrier being everywhere 
constrained except towards the north, or more accurately towards the N.N.B. 

The Barrier is thus considered to be a mass of compacted snow, or ice, 600 to 760 feet 
thick, whose bottom is at a temperature sli^tly below freezing-point and whose temper^ 
ture gradually decreases towards the surface. Under these conditions, the Barrier ^ 
tend to flatten itself, thinning and spreading towards the seaward edge at a rate which 
is dependent on the thickness of the ice. No accurate information is available regat^ 
the viscosity of compacted snow or ice under these conditions, which would eimble a 
rough oalcuintinn of the rate of movement to be made. In view, however, of the k^wn 
rapid increase in viscosity of ice as the mdting temperature is approached, we have 
no reason to be surprised that the movement duo to the weight of the Earner un er 
these conditions approximates to the rate of motion of land gl^iers 
beds in more genial oUmates, and that it far exceeds the observed mte of motion of sue 
stagnant ^ciers as the Eerrar Glacier, or the Bame Glacier, m approximately the 


^^InM^* measure, this movement under gravity must be added to by the ^t 
of such glaciers as the Beardmore, the ShacMeton, LiVs Glaara an o ers, ^ “ 
known f^at the thrust of these glaciers causes.the formation of heavy pressure ndg^ 
for a distance of many miles from the glacier outlet. An estimate of the volume of 
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ice added daily to the Boss Barrier in the month of December by glaciers on the western 
shore has been made in the Geological Memoir of the first Shackleton Expedition, and 
the figure finally accepted is 10* cubic feet daily during this month. The figure given 
is based on the known speed of the fast-moving Mackay and Drygalski Glacier Tongues 
in somewhat lower latitudes, on an estimated breadth of glaciers along the western 
shore of the Ross Barrier, and on an estimated thickness of the glaciers in question. 

It is the latter estimation which is most open to question. Whatever value this 
estimation may have, a probable figure will be given if we assume a mean thickness 
for the glaciers in question somewhat greater than that of the Barrier (say, 2000 feet),* 
The total width of the glaciers in question is 62 miles, which gives a minimum discharge 
into the Barrier on its western shore of (in round numbers) 2 x 10® cubic feet. This 
fiigure may be doubled to account for other glaciers on the southern and eastern 
boundaries, giving a discharge into the Barrier from the plateau of 4 x 10® cubic 
feet daily, m the middle of the summer. 

The average for the year will certainly be less than this, and cannot exceed 
2 X 10® cubic feet daily. 

The increase to the surface of the Barrier may be taken as (roughly) 16 inches of 
compressed snow per aimum of density 0 • 6, or (say) 9 inches of snow of the mean Barrier 
density. This gives an increase of (say) 6 x 10® cubic feet per day, which we think 
is probably too high an estimate. 

The daily loss from the Barrier edge during the last few years (while the edge has 
remained nearly stationary) is given directly from the mean rate of movement, the 
breadth of the Barrier, and its mean thickness at the edge. The figure given by this 
calculation is 4-8 X 10® cubic feet per day. 

To this must be added the daily loss due to melting of the Barrier on its under 
surface, a quantity which is absolutely unknown. 

Denoting this by M, we can write down the following equation, which will represent 
the facts to a first approximation : — 

Additions to Barrier by glaciers plus additions to surface minus loss at seaward 
edge of Barrier = M or M = 2*0 x 10® + 6-0 x 10® — 4-8 X 10® cubic feet.f 

Obviously, these figures can possess little claim to accuracy, but they at least 
indicate that some melting must proceed from below, and that the amount of this is at 
least comparable with additions to the upper surface, and of the same order as the probable 
additions to the Barrier due to the advance of glaciers leading from the Plateau. 

The figures published in the Shackleton Memoir diGEer considerably from those 
here given, but it seems certain that the average contribution from glaciers could hardly 
exceed 2 x 10* cubic feet per day. In the memoir referred to, the assumption has been 
made that the mean thickness of the Barrier at its seaward edge is 720 feet. This fiigure 
seems to us somewhat excessive. If this figure of 720 feet should, however, be correct, 

* EspeoialLj as the msasuiem^t of velooity lefeis to tte suzfaoe layeis of the gLacleis. 

f This is on th& assumption that there is at present no significant change in the position of the terminal 
face of the Boss Barrier, 
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it would mean tliat the amount of melting which proceeds on the under surface of the 
Barrier must be smaller than that here deduced. An accurate knowledge of the mean 
density of the Barrier and the thickness is, in point of fact, of vital importance, and 
it is hoped that any future expeditions in this sector will be able to pay particular 
attention to this point,* 

It is a point of no little interest to note that the height above water level of floating 
Shelf-Ice and Ice-Tongues in the Antarctic, though variable, tends to reach an upper 
limit, which is not exceeded even in the case of the largest of these. It might be said 
that this height is in some way conditioned by the presence of the continental shelf, 
but a little coimideration suggests that this can hardly be the case. 

Let us fix our attention on a point on the under surface of the Barrier where it 
rests upon sea water. The temperature of the sea and ice must be related to the salinity 
of the sea water and to the hydrostatic pressure in such a manner that all are very 
closely in equilibrium, i.e. so that there is no very great amount of deposition or denuda- 
tion of the under surface during the year, except near the Barrier edge, where erosion 
imdoubtedly is very effective. Further inland, the amount of denudation must be 
considerably less, and must be conditioned by the presence of a water circulation under 
the Barrier, as, otherwise, the constant loss of heat by conduction through the Barrier 
to the air above would result in additions to the imder surface. The melting of the ice, 
where the cunent meets the under ice surface near the Barrier edge, both cools and 
dilutes the sea water, so that, further inland, the salinity must be less and the sea 
temperature lower. The capacity of the sea water for melting the under surface therefore 
decreases with the distance the water has travelled beneath the Barrier, but cannot 
be greatly lessened if the total volume of water is great and there is effective horizontal 
and also vertical circulation beneath the Barrier if the colder, but less saline, water 
formed by melting ice sinks and is replaced by warmer and more saline water from 
below). 

In the absence of accurate knowledge legardiug the conditions which obtain beneath 
the Barrier, it does not seem worth while pursuing this matter further, except to note 
that the temperature of the under surface of the Barrier oarmot be far from •— 2® C., a 
temperature at which the viscosity of ice is much less than at temperatures a few 
degrees lower. In our opinion, it is to this fact that the Barrier largely owes its com- 
paratively rapid movement. We may almost infer that it is this circumstance — ^that 
the temperature of the imder surface, bearing with it the load above, is only a little 
below 0® 0. — ^whioh limits the height of such examples of Shelf-Ice as the Barrier. An 
increased supply of snow to the surface of the Barrier would soon increase the pressure 
upon the under surface ; this would cause a greater velocity of movement which would 
tend to thiu the sheet of ice. A glance at the curve shown in Fig. 179 (Appendix) will 
make the matter clearer. It will be seen that, provided the pressure on the Barrier’s 

* Serial sea tempeiataie and salinity observations akoiiLd throw considerable light on the latter. 
It seems probable that aconstioal methods (by time intervals before the arrival of an echo, as experimented 
with by. the Prenoh for soimding) might be used to measure the thickness of Barrier, or land ^aciers. 
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under surface is su£B.ci6atl7 great at the temperature of the sea water, au. increase of 
even a few feet of snow on the upper surface of the Barrier might be sufficient to double 
the rate of seaward movement of the Barrier. 

In certain conditions, a truly enormous snowfall would be necessary in order to 
increase the thickness of the Barrier even slightly. This may be an explanation of the 
fact that the height of the floating Ice-Tongues and Shelf-Ice observed does not exceed 
a certain moderate value. 

On this view, a notable increase to the Barrier surface, caused either by increased 
deposition or increased supply from the glaciers fed by the Plateau, would cause the 
Barrier to increase somewhat in thickness, to move much more rapidly,* and, by virtue 
of its increased momentum, to rise wdl up on Boss Island, but this increase would not 
be suflicient to cause it to take ground anywhere along its present seaward edge, except 
possibly in the most extreme case imaginable. 

It must be admitted that there is definite evidence that Mount Hope, at the mouth 
of the Beardmore Glacier, was at one time overridden with ice ; this does not, however, 
prove that the Barrier surface (except very close to the Beardmore) reached that height. 
It only proves that the Beardmore Glacier discharged in the past a greater volume of 
ice into the Barrier than it does at present. 


Oaiam of the BAaniEa. 

There can be little doubt that the formation of the Ross Barrier, in the first place, 
owes much to the glaciers lypified in the Beardmore, which must have been continued 
in the form of long floating Ice-Tongues stretching into the waters of the Ross Sea, 
exactly as does the Drygalski or Nordenskjold Ice-Tongue to-day. The Barrier might, in 
fact, conceivably bo due to the coalescence of many such Ice-Tongues, all pushing out 
from the land. It seems certain, however, that the climate to which the glaciers owed 
their power would operate similarly at sea level, so that sea ice would be formed in all 
quiet backwaters. This Fast-Ice might finally not be dispersed during the summer 
months.'!' The continual addition of snow in siiu would then add notably to the 
thickness, which might also be supplemented by growth from below, to some extent 
at least, until fitnaJly the Barrier grew to the maximum thickness attainable within 
the limits set by the temperature and salinity of the water. With decreasing severity 
of climatic conditions,!!; the Barrier would then decrease both in vertical dimensions and 
in extent, until the present stage in its retrogression was reached. 

* We liave not suffioient infozmatioii to say at what thidaxess of ice this large increase in velocity 
will become efEective in preventing growth in thickneas. To a very large extent it will depend on tho 
salinity and temperature conditions of the underlying sea. It seems probable that this stage would be 
readied before the main body of the Barrier took ground and rested on the sea floor. 

t Suoh Fast-loe has been incorporated in the angle between the David and Beeves Glaciers at the 
junction of the Drygalski loe-Tongue and the neighbouring sheet of Oonfluent-Ioe. 

t Not necessarily decreased temperature, but decreased difference between precipitation ^nd 
denudation. 
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In the course of ages, if the present conditions continue, it will shrink more and 
more until only short disconnected floating Ice-Tongues remain jutting into the sea. 
Finally, these also will disappear, as soon as the alunentation on the Plateau becomes 
insufficient to enable the glaciers to reach the sea. 

The possibility that growth may have taken place beneath the Barrier at one 
time in the past, requires fuller examination, as this possibility has been assumed by 
Debenham’*‘ in giving an explanation of the origin of the sponges, shells and mirabilite 
deposits fotmd in McMurdo Sound and on the coast of South Victoria Land. 

Growth due to heat conduction from the sea to the air, through an assemblage of 
ice crystals such as the Barrier, must be very slight indeed. Observationfl in McMurdo 
Sound on the growth of sea ice during the winter have, however, shown that the rate of 
growth does not decrease very greatly as the season advances and as the ice becomes 
thicker ; in fact, after the ice has attained a thickness of about 3 feet, its rate of increase 
lemaios sensibly unchanged. As pointed out in Chapter X, growth then proceeds for 
a time largely by deposition of the frazil ice crystals floating in the sea water below the 
under surface of the ice. The presence of these crystals may be looked on ae an indication 
that the sea water is to all intents and purposes super-cooled and capable of forming ice 
on any obstruction it meets. It is dear that the crystals are present in greater amount 
near the upper surface, and that it is only the eddies caused by the sea currents which 
hinders them from rising to the surface. Deposition of frazil ice probably proceeds in 
the winter on the under surface of all ice masses in McMurdo Sound, but particularly 
where the ice is thinnest. The possibility of a net growth from below in the course of 
the whole year cannot therefore be neglected, and, certainly, such a process seems 
adequate to explain the occurrence on the surface of the ice of the deposits referred to. 

■ 

Previous Extent or the Barrier. 

Beyond the observation of Sir James Boss in 1841, we have no reliable evidence as 
to the previous extent of the Barrier, though there can be little doubt that a very large 
portion of the Boss Sea was at one time covered by a Barrier of the same type as 
the present one. At this period, the Koettlitz Glacier probably had a greater 
outflow of ice than the other valley glaciers on the western side of McMurdo Sound, 
but they must all have coalesced in a western portion of the Barrier. It follows 
that the Barrier movement along the coast of South Victoria Land was not predominantly 
from south to north. The presence of erratics of kenyte in the Stranded Moraines ” 
of McMurdo Sound and up to heights of 1600 feet in Dry Valley, New Harbour, has 
been adduced as a proof of the further extension of this ancestor of the Boss Barrier in 
the past. While ourselves beliering in such a further northward extension, we are quite 
unable to admit that the presence of this material can be due to such a formation, for 
we cannot imagine circumstances of diSerential alimentation and ablation sufficient to 
account for the complete failure of the supply of ice from the Fexrar and Taylor Valleys 

* F. Dehenham, ' Quart* Joum. Gleol. Soo.,’ vol* 76, Port 2, 
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at a time when accumulation of ice elsewlieie was so mucli greater. Local accumulation 
and movement from west to east must have served to push ofE the ice from the west 
coast. This opinion is strengthened by the fact that kenyte has been found by one of the 
writers actually in the moraines of the East Fork of the Ferrar Glacier, which are still 
surrounded by ice of local derivation. It is now known that local volcanic craters occur 
up the Taylor Valley. Those that have been examined are of basalt, but it is quite likely 
that kenyte also occurs. Further, as stated elsewhere in the memoir, there is definite 
proof that in the last ice-maximum the ice in the Ferrar was at least 2000 feet higher. 
Such a mass of ice pouring out to the east must certainly have deflected the stream horn 
the KoettUtz, however powerful it may have been, far from the coast.* 

It is probable that the Barrier did not, at its maximum, extend further north than 
the edge of the continental shelf, as the melting which would then have proceeded at the 
boundary of the Shelf-Ice would have been enormously greater, an almost mexhaustible 
supply of warm sea water laving its edge, strong currents, both vertical and horizontal, 
being set up as a result of the melting. 

* It is, however, probable that the maximiiTn activity of the Foettlitz Glacier was not coincident in 
time with the maximum activity of the valley glaoiers, such as the Fenar Glacier, leading directly down 
from the Plateau, but followed the maximum of the latter. 
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CHAPTBK VII. 

STEUCTURE OF GLACIERS. 

Interest in the detailed structure of Antarctio glaciers must necessarily centre largely 
around the characteristics in which they difier from those of lower latitudes and of 
similar latitudes in the Northern Hemisphere. The glaciers examined by the present 
Expedition total some hundreds in number, but it is not intended to give a detailed 
description of any of these, with the exception of certain ice-formations typical of each 
of the main subdivisions of .our classification which finds its most complete, or its only, 
manifestation in Antarctic regions (Chapter VI). The present chapter is devoted 
to a general discussion of the detailed macro-structure of Antarctic glaciers, with 
emphasis laid upon those points in which — ^for climatic or other reasons — ^the Antarctio 
glaciers, considered as a special class, differ from those of other regions. 

The consideration of the glacier as a whole entails, of course, some reference to 
included or glacier-borne rock in the form of moraines of all types, and to the rock 
walls and bottom by which the ice mass is enclosed, and on which it rests. Whether, on 
physiographic grounds, we give greater credence to the claims of frost and thaw action, 
or to the planation carried out by the glacier itself, as the chief cause of the scooping 
out of the glacier valley, or whether, following the most conservative school of glacial 
physiographers, we look upon all glacier valleys as a modified inheritance from a pre- 
glacial topography, the glacier itself cannot be fuUy studied without some reference to 
the bed on which, and the walls between which, it lies. The explanation of the method 
of formation and modification of bed and walls can be left to the physiographer, but 
the efiect of rook of all descriptions, m profoundly modifying the contour, the appearance 
and the structure of the ice in its neighbourhood, falls essentially within the sphere 
of the glaciologist.* 

The detailed structure of an ice-sheet, whether a true ice-river, or an ice-formation 
of less determinate form, is intimately bound up with certain visible phenomena, which 
can be classified under headings for the more systematic grouping of the forces and 
processes of which they are the visible result. By the utnisation of such headings, the 
ordered study of ice structure is facilitated, and those selected for discussion here are 
arranged in the following table as nearly as possible in such order that there is a natural 
sequence in the processes which are their principal causes : — 

(i) Moraines. (v) Pressure ridges and waves. 

(ii) Siltbauds. (vi) Crevasses. 

(iii) Bluebands, (vii) Shear-cracks. 

(iv) All other visible stratification (viii) Form of glacier snout and wall 

(white banding). of glacier. 

*** Metkods of erosion by ice in the Antarctic will be diaonssed in the Pbysiograpbical Memoirs of 
the Expedition.” 

. (i) " Physiography : the MoMnido Bound — Granite Haxboax Region,’'’ by Griffith Taylor. 

(ii) “ Physiography : the Robertson Bay and Terra Nova Bay Regions,” by R, B. Priestley. 
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It is proposed first of all to discuss eacli section with special reference to Antarctic 
glaciers and other ice-formations in the South Victoria Land region. This having been 
done, the next step is naturally the comparison, so far as is possible, of the features 
characteristio of the Antarctic with those of glaciers of similar magnitude and type 
from the Arctic, sub-polar and temperate regions. The first portion of the chapter, 
is thus based entirely upon the observation of the authors ; the conclusions and 
comparisons of the second part are drawn mainly from the study of an exhaustive 
literature, and particularly of the excellent summaries which have from time to time 
been made by scientists recognised as authorities on this subject. 

(i) MoBAnsnss. 

Undoubtedly one of the most strikmg features of the Antarctic glaciers — ^not only 
in South Victoria Land, but dso in other regions that have been discussed by the 
scientific staffs of expeditions — ^is the remarkable paucity of visible rock material either 
upon theic surface, at their sides, or at their ends. This is an inclusive statement, 
which is modified only to a very alight extent by the variations observed along a stretch 
of coast such as that which, throughout a length of some thousand miles or more, has 
been carefully studied by British expeditions from 1901 to 1913. The majority of the 
largest ice masses are practically free from moraines. The smaller ice-formations of 
the type to which the name glacier was origmally applied, lying between steep walls, 
and often heading in steeper amphitheatres, have, many of them, their own lateral and 
sometimes medial moraines. Both are, however, normally sporadic in occurrence, 
and are often represented on the surface by a few scattered blocks interspersed with more 
numerous '' cryoconite ’’ holes, and an occasional group composed of fragments all of the 
same origin, which bears witness to the disintegration of still larger boulders similar to 
those which have survived. Even where, owing to decrease of alimentation, excess of 
wind, or other factors, glaciers have sbnmk and have left bare the lower portions of their 
valleys, the accumulation of moraine does not suggest there was a much greater amount 
in the immediate past. 

The question at once arises : — ^Have the Antarctic glaciers ever performed much 
work of a rook-grinding and rook-transporting nature; and, iE they have, where should 
we look for the fragmental material which should — ^judging by the evidences of more 
favoured countries — ^have been the ultimate result of such action 1 

In discussing visible moraitie material, the greatest Antarctic ice-formations may 
be neglected. Shelf-Ice and Piedmont-Ice are alike, in that they contain Uttle rock 
material, except in the form of silt and fine wind-home detritus. Such moraines as 
exist do not persist long on the surface of ice-formations which essentially owe their 
survival and growth to an excess of precipitation over denudation. Moraines carried 
down with the ice of the most active glaciers which feed them do, occasionally, in 
favourable circumstances, remain on the surface for some miles out upon an Ice-Tongue 
or Shelf Jce sheet. Bock liiaterial' fresh-fallen from the cliffs at the base of such an 
ice sheet may afford some slight relief from the contemplation of an unchanging snow 
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surface. The persistence of such isolated moraines or rocks is, however, both unusual 
and ephemeral, and no typical moraines have been studied either upon Ice-Tongues, 
Shelf-Ice or Piedmont-Ice. 

When we turn to true glaciers, however — ^the land ice formations grouped together 
in the classification under types II {a) and (6) — ^moraine material is found to play, if not 
a prominent, at any rate an important, part in the economy of the Antarctic glacier. 
It is true that “ railroad moraines ore uncommon, but they do exist, as is shown quite 
clearly m Plate OXX.XIV, which is a view of a moraine upon the CampbeU-Priestley- 
Confiuent-Ice. Plate CXXXV is a photograph of a lateral moraine of the Koettlitas 
Grlacier. 

The normal type of Antarctic glacier moraine, as observed in the regions 
traversed in the researches of the British expeditions, is, however, better indicated 
in Plate CXXXVI. 

In all three regions studied in detail by this Expedition, moraine material, though 
sparsely distributed, is universally present in valley glaciers. Four further examples 
of typical lateral and medial moraines are shown in Plates CXXXVII — CXL, It 
will be seen from a study of these seven photographs that, even on the Antarctic glacier, 
the amount of surface material is not negligible, though its occurrence and persistence 
at the surface is sporadic and ephemeral, in spite of a climate which one would not at 
first sight consider particularly favourable to the drowning or submerging of rock 
by ice. 

The factor which must, we believe, more than any other, be directly responsible 
for the sparsity of original surface moraine material, and, indirectly, also for the short- 
ness of its stay at the surface, is the large ratio of snow-covered to snow-free land. In 
the Antarctic regions, even in South Victoria Land, where the proportion of exposed 
rock is perhaps higher than in any other area of the continent, the amount of snow-free 
land is ridiculously small in comparison with that which is still swamped beneath the 
dwindling ice masses. In former times, at the date of the most recent maximum 
extension of the Oontinental-Ioe, this disproportionality must have been still greater. 
That it is still the case in great degree to-day, can be seen from a scrutiny of the 
illustrations of the present memoir. 

The bearing of this fact upon the amount of rock carried upon Antarctic glaciers is 
clear. Surface moraine may originate in two ways, according to modern glacial theory. 
(1) By accumulation from the rook walls and the amphitheatre in which the glacier 
heads, or from nwimtahker or mmahoUer surrounded by its ice ; (2) by the upturning 
of englacial or subglacial rock material derived originally from points below the surface 
of the glacier. It should be stated at once, however, that, in the experience 
of the writers, there is only one single case, out of some dozens of moraines 
examined, in which the rock material must have been derived in the latter way.* 
Practically aU the , moraine material studied had undoubtedly fallen upon the 
glacier from the cliffs at some point further up its valley. In most places, when 

* TtiB oaso is lefened to lateT in this ohaptei. 
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the moraine was followed upwards, the actual place of origin of the rock could not 
be in doubt. 

The amount of surface-derived material is undoubtedly conditioned by the pro- 
portion of rook to snow- or ice-covered dopes (given similar conditions of alimentation 
and ablation at the sides or the head of the glacier). In the Antarctic, with 
its small amount of exposed rook, it is not to be expected that much will reach 
the surface of the glaciers, even when they abut against the slopes along which they flow. 
When, as is usually the case, they are bordered by steep radiation gullies only 
partially filled with rock ddyris provided by the “ thaw-and-freeze ” action along the 
exposed rock cliffs, the rock likely to reach their surface is reduced to a still smaller 
amount. 

This is a factor of particular importance when the region — as is the case in the 
Koettlitz-irerrar area along the west coast of McMurdo Sound — ^is one of extremely 
small precipitation, giving locally, the nearest approach to polar desert conditions which 
has yet been met on the Antarctic Continent. Here, on the classical field of geological 
exploration in East Antarctica, the absence of surface moraines is unusually pronounced. 
Further south towards Black and White Island, and further north in the Terra Nova 
Bay district — ^where precipitation is greater and radiation gullies are less in evidence — 
although the proportion of rock to snow is, if anything, rather smaller, the amount of 
surface moraine is distinctly greater. 

That the sparseness of surface moraine material is itself the principal cause of the 
shortness of the period during which it persists at the surface, can be best shown by 
analysis of moraines which have been closely studied. Wherever, as in the Ferrar 
Glacier, and, to a less extent, in the glaciers of the Cape Adare region, the blocks of the 
moraine are very scattered and the material small in amount, they usually disappear 
beneath the surface very quiddy. If such a moraine is traced from the last projecting 
point at which it could obtain a fresh store of material, the isolated blocks of which it 
is composed can be seen to become gradually absorbed into the body of the Racier by the 
joint effect of two separate processes (Plate CXLI). The first and most important is 
the bodily sinking of the stone itself, due to its heating by radiation from the sun and 
dry. In general, a less effective, but locally an important, agent, is the formation of 
snow-drifts both on the weather side and in the lee of the blocks (Plate CXLII). These 
snow-drifts are then converted into ice in the normal way, the process being accelerated 
by radiation from the block against which they rest and also from the neighbouring blocks . 
The final result of these two processes is the production of an ice surface absolutely free 
from surface moraine material, hut often markedly irregular owing to the presence of 
these “ fossil ’’ snow-drifts. This surface is pitted with numerous, roughly-oylindrical 
inclusions of nearly dear ice. 

The difference between the two causes of the disappearance of isolated blocks is 
important — ^the latter is conditioned by local excess of precipitation over ablation ; 
the former by marked excess of ablation over precipitation in the immediate vicinity 
of the rook. In gen^al^ the two processes are sunultaneoudy in operation to the same 
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end — ^that of hiding the rock d&ms from view. Naturally, the former process alone 
operates ia the burying of small individual stones and grains of sand.* 

In any case, whatever the detail of their formation, such fossil moraines are the 
commonest form in which lateral and medial moraines are met in the lower portions 


of Antarctic glaciers where moraine material is not concentrated in important streams. 
When the latter is the case, however, as in the moraines shown in the photographs of 
Plates OXLIII and OXLIV, it will be seen that an entirely diEEerent action takes 
place. In both these examples, the medial moraine of the Dugdale-Murray Glacier and 
the moraine on the Oampbell-Priestley-Oonfluent-Ioe, north of Ine^ressible Itiand, 
and in several other moraines with rock lying sufficiently closely together to act as a 
single large boulder, the effect of differential ablation is entirely diSerent from the. 
process just described as operating in the case of scattered rook material. The rock 
covering is here sufficiently dense to protect the ice beneath it both from the sun and 
from the wind. In the particular oases figured, the principal agent carrying out the 
denudation of the surrounding ice has been almost continuous wind which, by drift- 
chiselling and ablation — both inoperative upon the rook-protected ice beneath the 
moraine — ^have reduced the general surface of the glacier some 20^ or 30, or even 
60, feet below that of the ice underlying the moraine. As the ridge thus formed 
became more pronounced, the tendency of the rook to dide doTO b^ame greater and 
greater until finally, in the case of the Dugdale moraine, the ice ndge beneath &e 
moraine has now itself been exposed to the denuding influence of the ® 

result of further action will be to remove the rii^e, and this effect wffi be hastened 
by the heating effect of the sun upon the dust-discoloured ice of the ridge. ^ 

In the meantime, where the moraine material has fallen, fresh ridges will arise. 

The illustrations form good examples of the way in which an even, carpet ® 
wiU remain on the surface of a glacier for a considerable space of time, although scattered 


material is soon lost to sight beneath the ice. . i • is j j w 

An example on a smaUer scale of the protective action of rook is afforded by sin^e 

large looks of oonsidetable breadth. The " Racier tablra ” which Wt « 

differential denudation of the ice underneath and around these Iwge roo are a 
of many Antarctic moraines of the type described, and may often be the only surf 

survivals of an otherwise englaoial moraine. 

j- • -L* 1, +rt ‘nATmit A fftirly free oironlation of water ia the upper layers 

* If the temperature m high enouj t to ^ ^ of sand will run away, “ 

of the glacier, the water produced around a tnumuaiant ice. If the temperatuie 

keeps too low for this to happen, or if the holes ^ Joniated aii-tnhes radiating from a central 

holes will he filled with beautifully dear lee, often w^th dotted ^ 

irregular air-spaoe which dwrly ^ays with snow-drift^ and. as often 

(Pig. 61). H, on the other hand, the holes heooM Looonite hole will he filled with the 

happens, the snow-dnft later heoo^ unpregna > oonoentrated to form strong 

ouriouB radiating, roughly-prismatio loe aggre^tioM, _ ‘Memoirs of the ShsoHeton 

white lines between the crystals. This form h« ioe eryitals of fresh- 

Expedition. 1907-9.'t Similar ioe is oonunonly formed by tiie upgrowtn or sn 

water lakes into the snow-drifts above them. 

t Geology,’* Vol. I, Dayid and Priestley. 227 P 3 



A typical example from tlie medial moraine of the Priestley Glacier is figured in 
Plate OXLV. 

While the direct effect of the sun upon the rock material itself is perhaps the most 
general cause of the disappearance of surfaoe rock material from the valley glaciers 
of South Victoria Land, the local effect of an excess of precipitation over ablation may 
bring about the same result. This has been especially the case in certain regions where 
the meteorological conditions differ to a marked extent from the desert wind-swept 
climate of the region considered as a whole. Marked exceptions to the general rule 
occur wherever a long stretch of unbroken cliff lies right across the path of the prevailing 
strong winds. This probably holds true whether the cliff face fronts the wind or inter- 
poses a true lee between the wind and the glacier. In such situations, surface moraines 
disappear for a time, sometimes to reappear further down the glacier, sometimes to 
remain englacial until they crop out at the face of the glacier cliff. 

Thus, the intermittent surface moraine is a feature by no means unknown in South 
Victoria Land. Several cases have been seen and studied by parties of the present 
Expedition, and at least three different i^pes respond best to different explanations. 
The simplest case is that first mentioned, where the moraine is temporarily swamped 
by the accumulation of snow on a stretch of glacier where alimentation is locally in 
excess of ablation and afterwards re-exposed in a region where denudation once more 
becomes paramount. Examples of such cases have been observed upon the west coast 
of Robertson Bay, but the best is to be seen along the northern edge of the Campbell- 
Priestley-Confluent-Ice, where the Corner and Priestley Glaciers and the Campbell 
Glacier add their quota to the great coastal sheet.* Here, the ridge of mountains, of 
which Mount Abbott forms the most prominent peak, forms a wind-break sufficient to 
ensure a permanent excess of deposition over denudation. The lateral moraines aro 
swamped under this local accumulation of snow, hut when they have moved further 
down the glacier the ice is once more exposed to the full fury of the gales which are 
characteristic of the autumn, winter and spring in this area. In a very short distance 
the accumulation of snow higher up the glacier is removed, and the moraines once more 
appear at the surface. The association of rocks in this and in the next case to be quoted, 
is fortunately such that no possible doubt can be entertained as to the correctness of 
the identification of the particular moraines. 

It is from the same region that the best example is drawn of the rejuvenation of a 
surface moraine which has disappeared from an entirely different cause, viz., the heating 
action of the sun’s rays on the component rocks and the consequent sinking of the 

♦MspXIV. 

t A moraine in whioh a white poiphyiitio granite and a red holoorystallino granite are assooiatod 
with many normal schists and gneisses is paralleled by one ohaiaoterised in particular by pyritio and 
graphitic schists. This, again, lies closely alongside two others, with a most interesting association of 
Beacon Sandstone with carboniferous markings and inclusions, and of ancient amygdaloidal voloanio 
rocloB, quite unlike anything else that has been observed in this portion of the Antarctic. The merest 
neophyte in Geology could not but identify the rejuvenated surface moraines of the seaward portion of 
the Oonfluent-Ioe witb their originals proceeding from the Camphell, Oomer, and Priestley Glaoicars, 
respectively. 
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individual boulders. The western moraine of the Priestley Glacier is composed of 
scattered rocks, and very quickly disappears into the ice under the influence of a summer 
sun of great intensity, whose eflect is increased by the radiant heat from numerous 
dark rock cliEEs and by the direct action of thaw streams from the glacier. All trace 
of the rocks is lost two or three miles from their place or origin, and, though the snow- 
drifts caused by the Abbott Eange pass over the hypothetical course of the submerged 
moraine, they are not directly responsible for its disappearance. Many miles to the 
south, beyond Inexpressible Island, where the ice of the Campbell-Priestley-Confluent- 
Ice coalesces with that from the Beeves Glacier and its derivative the Drygalski Ice 
Tongue, these moraines again crop out on the surface, the blocks being much more 
scattered and much more uniform in size, but still undoubtedly the same in origin. 
Both the seaward portion and the landward portion of these moraines were particularly 
carefully examined, as being the source of valuable fossil material, and there can be no 
doubt whatever that we have here a case, not of upturning of strata, but simply of 
excessive ablation, due largely to the gales which blow without intermission through 
some ten months of the year. 

The Northern Party were held up for eight months in this vicinity, and, during 
the whole of this time, there was never a consecixtive twenty-four hours free from wind 
oE gale force. 

In his studies of the Greenland glaciers, Professor Chamberlin has recognised for 
the first time, and given prominence to, the upturning of ice strata in a glacier as a 
source of surface moraine material. Evidences of such upthrust moraines were carefully 
searched for in the Antarctic, but only in two cases were moraines met which could 
conceivably be attributed to this cause. In one case, the irruption of a tributary glacier 
into the Sir George Newnes Glacier at the back of Bobertson Bay was accompanied by 
marked upturning of the strata of the tributary. Along the junction of the two glaciers 
was an almost vertical plane of discoloured ice, and the upper surface of the plane was 
marked by an outcrop of a few stones and some grit on the surface of the Sir George 
Newnes Glacier. The moraine thus formed had no very visible origin at the sides of 
the glacier, and its presence is explained with more facility as due to the upthrusting 
of ground moraine at the point of junction with the tributary. 

A second case, where the presumption might be that the origin of a surface moraine 
was sub-glacial, is that of the HelPs Gate moraine just north of Inexpressible Island. 
This mi^t possibly be the result of the re-exposure of the surface moraine from 
Vegetation Island, buried and e2q>oaed again as detailed above ; but the amount of 
rock in the moraine militates greatly against this theory, and it seems more likely that 
the rock is derived from some rock projection completely smothered in the ice-flood. 
Its arrival at the surface miglit then be due either to excess of ablation over deposition, 
to the upturning of layers of ice, or possibly to the former agency combined with growth 
of the ice-sheet from below, as explained by E. Debenham''^ in his paper on the origin 
of certain deposits of mirabilite and organic remains. 

* A Kew Method of Traxupoitation by loe,” * Q. J.G’.S./ vol. 76, part 2. 
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Althougli upturning of ice strata was observed in many glaciers, notably in the 
Shipley and Warning Glaciers, no other possible examples of moraines formed in this 
way were observed. All surface material examined close at hand was quite obvioualy 
derived directly from the clifFa bordering the glaciers, while other examples seen from 
a distance were so disposed that there is every reason to suppose that they also owed 
their origin to subaerial erosion and surface transport. The greatest accumulation 
of surface material occurred where it might be expected to appear, that is, at places 
where the glaciers pressed against their walls without the intervention of the radiation 
gully, which so frequently receives into its capacious hollow the results of the frost- 
and-thaw ” action which is undoubtedly the most potent factor of surface denudation 
in the Antarctic. In such places, where the radiation gully was non-existent, whether 
owing to the luflu-r of an active tributary, to the accumulation of snowbanks which 
deflected falling rook fragments well out on to the Racier, or to the projection of a 
prominent blufi around which the glacier ground its way, greater accumulations of 
moraiae than the normal were to be found. If the absence of the radiation gully was 
due to excessive accumulation of snow, the visible rock material was comparatively 
small, while the resultant shrouding of the rock slopes themselves in snow and ice also 
tended to reduce the aggregate of rock collected beneath the drifts on the glacier. In 
other situations, however, where the radiation gully was either diminated or had over- 
flowed with rock fragments, it sometimes happened that a very large accumulation 
of rock was observed. Such an accumulation — ^in an angle of the Priestley-Oampbell- 
Confluent-Ice — ^is shown in Plate GXL. In such a favourable situation, all the 
phenomena so well described by Eussdl as occurring upon the moraines of the Malaspina 
Piedmont may be observed.* 

It would sometimes be difiBloult to realise that the rock dSbris was ice-bome at all. 
Miniature hills and valleys, lakes varying in size from several hundred yards long to 
the smallest tarn, running streams, fossiL leike bottoms covered with algse and fungi, 
give to such a region a peculiar landscape of its own. It was not until the smaller 
details of the place were examined — solifluction cracks and crevasses, miniature ice- 
gorges conveying sub -facial streams from lake to lake, Tiioulvns and occasional ice- 
dykes — ^that it became evident to the observer that the whole had its being upon the 
surface of the glacier, and that the rock covering responsible for the maiu features of the 
landscape was at most a few boulders thick. 

Such moraines were not common, but the examples met deserve mention, as 
producing some of the most characteristic of the minor features of the scenery of polar 
glaciers. 

The types of moraine most fftTniliar to the recorders of the glaciology of other 
lands, and especially of the evidences of remote glacial periods — ground and temiinal 
moiames — ^bulk so small among the visible evidences of Antarctic glaciation that their 
real importance is likely to be underestimated. The absence of striated boulders 
and of obviously ice-planed surfaces has been adduced as a proof that Antarctio glaciers 

* J, 0. Etifledl, ‘ Jotini. Gwl.,* vol. 1, 1893. 
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have done, and are doing, little work in comparison with other forces. With the 

suggestion that at the present time the Antarctic ice-mantle, considered as a whole, 

exercises a predominantly conservative influence, the writers are in accord. There are 

other evidences besides the absence of visible ground moraine which lead inevitably 

to this conclusion. Too much stress should not, however, in our opinion, be placed 

upon the absence of visible ground moraine and, in particular, of “ rook flour,’* in support 

of this conclusion. It should be remembered that, owing to the configuration of the 

continent and the degree of intensity of its glacierisation, the natural habitat of the end 

of a vigorous Antarctic glacier is the sea. It is only very occasionally that active glaciers 

are found which, owing to peculiarly unfavourable alimentary conditions, do not reach 

to sea-level and push out wdl beyond the borders of the continent. It follows from this 

that the evidences of vigorous action ^own by any glacier during the heyday of its 

life-cycle will be hidden from our sight beneath the sea. The South Victoria Land 

equivalent of the boulder-clay of, say, the Pleistocene glaciation of Europe, will not be 

pushed up upon the coast of a favourably-situated continental island, or even deposited 

upon broad lowland plains by swiftiy-moving ice streams radiating from local sheets 

of Highland-Ice. The Antarctic continent is so formed, and the Antarctic climate is 

such that, at any time in its glacial cycle when the Raders are moving rapidly outwards, 

« 

either from the Oontinental-Ice of the hinterland or from the local Highland-Ice of 
the coastal ranges, the consequent ground moraine and rock flour wiU be spread out 
beneath the waters over the Continental Shelf. Until dredgings have shown that 
there is no great accumulation of such material upon the sub-ooeanio borders of the 
continent, it is not permissible to argue that paucity of visible ground moraine indicates 
lack of efiGLciency of Antarctic ^ciers. At present, what evidence we have rather 
points the other way. The < ly occasion upon which the Terra Nova’s dredge was 
dropped off the Boss Barrier at the Bay of Whales, the haul consisted of two crinoids 
and several hundredweight of typical raw material for the formation of boulder-clay or 
perhaps a coarser till. Other dredgings have yidded similar, though perhaps less 
typical, material, while some of the best fossil specimens yet obtained from the Palseozoic 
rocks of Antarctica have been found in erratics thus dredged from the sea floor. 
Plates OXLVI and CXLVII are photographs of the terminal moraine of the Hobbs 
Glacier and a dose view of water-sorted mud. 

It might be argued that the exposure of such vaUeys as the Dry Valley of the Taylor 
Glacier’** afiords strong evidence that ^ader action has not, even in the past, been very 
great. Here, terminal moraine can be studied, and it is certainly not of that type which 
might be expected if it had been formed during a period of great activity of the ^der. 
It should be remembered, however, that for some considerable time before the ^oier 
finally commenced to recede, its movement must have been sluggish and its abrasive 
action dight. Most of the material left would be englacial or surface in origin, and, of 
this, such as has been exposed has been much shattered and altered in shape and 
appearance by the comparatively quick action of frost and sun. Though no rain 

* The lower portion of the Fezrat ” Glader of the niapB of the 1901-7 expeditions. (See Map VII.) 

231 P 4 



falls, re-sorting by water is also not a negligible factor ; and, even if evidence of abrasive 
action bad originally been present, which is not likely, much of it would have been 
destroyed in the intervening centuries since the recession of the ice. 

The study of englackl morainic material is of little interest beyond the immediate 
consideration of the effect of en^acial boulders upon the structure of the ice around 
them. At a crevassed portion of any glacier, there may be a considerable transference 
of rock material from the englacial to the subglacial state, but, with these exceptions, 
the downward movement of such material through the ice is a very slow one under the 
influence of the greater specific gravity of the stone, and (in the upper layers) of the 
gradually lessening amount of heat energy received through direct radiation. The con- 
tinual molecular movement which takes place in the flow of glacier ice involves a gradual 
downward movement of any heavier rock which it may be carrying. Normally, we should 
expect the boulders of a submerged surface moraine, for instance, to continue their 
downward course slowly but surely, and this expectation has been borne out on the few 
occasions when such a moraine has been observed to be intersected by the cliff face at 
the end of a glacier, or by the wall of a large crevasse. Boulders can then be seen 
dotted about much deeper in the glacier than they could have sunk as the conseq^uence 
of the dkect receipt of heat from the sun. Given a sufficiently stagnant body of ice 
and a sufficiently long period of time, the passage of a rock vertically from top to bottom 
of a body of ice is not only possible, but likely, though the presence of the greater amount 
of englacial material is probably accounted for more simply by its derivation from some 
submerged point of the rook walls or floor of the ice stream. 

A curious feature of the ice immediately surrounding many englacial boulders is 
the conformation of the ice layers both above and below the boulder to agree roughly 
with the contours of the rock. In cases where such apposed structure is confined to the 
layers on a level with and above the rock, it is easy to trace their possible origin to an 
original snow-drift structure which has been perpetuated in the ice to which the original 
snow of the drift has been subsequently changed. The inception of a similar conformable 
structure beneath the boulder must be due to an adjustment of the underneath layers as 
movement takes place within the glacier. A gradual adjustment of the layers upon 
which the enclosed boulder rests might possibly be expected beneath such a rigid obstacle 
in the face of pressure applied from above. 


(ii) Silt-Ba:nds. 

The cousideration of moraiue material, and particularly of englacial moraine, brings 
us naturally to the study of the bands of silt whose convolutions often form one of the 
most puzzling featmres of a glacier ; while their presence may be at the same time of 
the most informative value , in elucidating its past life-history. Almost all Antarctic 
valley glaciers are characterised by the presence of silt-bands, at any rate in their lower 
strata. On the other hand, the majority of ice-formations other than those allied to 
the true glacier ^ comparatively feee from included jpit cmd dust of any description. 
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There are two main sources whioli at once strike the observer endeavouring to 
account for glacial phenomena as likely to provide the silty material in these bands. 
J. Ik. first, which probably accounts for the majority of the silt-bands occurring low down 
on the face of a glacier otherwise clear of rock dibris^ is the erosive action of the glacier 
on its bed. The second, which is responsible for practically the whole of the well- 
(lelined silt-bands of the upper strata of a glacier, is wind-bome dust derived from its 
wi<les, or from the walls of the cirque in which it may have its origin. The silt-bands 
formed in either way are, as a rule, indistingoishahle from one another. Where a glacier 
is short and of steep descent, with abundant ice-falls, it is quite impossible to decide to 
which agency tlie bands owe their occurrence. 

While the origin of the silt may be with certainty ascribed to one or other of these 
two causes — ^witli perhaps locally the intervention of water — the actual mode of origin of 
the silt-bands in the particular position which they occupy is by no means snch a simple 
matter, or capable of such a certain explanation. At least five methods by which ^t- 
bands can be formed may be recognised, and certain occurrences cannot be explained 
Kutisfaotorily even by the aid of all of these methods. 

A study of the structure of the ice of the various Antarctic land-ice formations 
would not be complete without some mention of the many thousand bodies of 
Snowdrift-Ice which fringe the Antarctic coast, abut against every isolated cliff not 
actually bordered by a glacier or icefield of greater extent, and occupy every local 
depression in the wind-swept promontories and dry valleys which form the greater 
portion of the ice-free land of South Victoria Land. It is in these small bodies of ice 
that the silt-band is most conspicuous and assumes its most varied forms. It is in 
such small bodies that their occurrence is easiest of explanation, since the methods of 
formation and the modifications that can since have complicated the system of bands 
are few in number. Plates CXLVIII and CXLIX contain two photographed examples 
of such masses of Snowdrift-Ice showing well-marked silt-bands. 

T’liese bodies of Snowdrift-Ice are stagnant, and they are usually severdy limited 
in extent by the circumstances of their environment. They cannot grow to a greater 
lieight than the projection which lies to windward of them. Purther, it the lee is 
Bufiioient and the precipitation adequate, they pass over into other types of glaciers which 
for the present lie outside our sphere of consideration. 

Almost invariably, the frontal cliffs of these " glacierets ” are closely seamed with 
horizontal or sinuous bands in which there is a far greater concentration of fine rook 
detritus than in the intervening portions. Sometimes the number of silt-hands is very 
great ; in other cases a few only occur. Their frequency is conditioned principally by 
the amount of annual snowfall \ their thickness and their colour by the amount and 
character of the available rook material. 

This is especially well seen along the two sides of the coast of Srohertson Bay ^ To 
the east, the bay is bordered by the steep multi-coloured slopes of the voloonio complex 
of Cape Adare, from the heights of which frequent gales of great fury sweep down all 
the finer products of the frost-weathering which goes on uninterruptedly throughout 
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the year. To the west, cabn weather with light airs is the rule along a coast where 
the only Bources of rock are the relatively few blufEs of green, compaxatively resistant 
quartzites and slates. The eastern coast of the bay is accordingly liued with deep 
discoloured drifts, with frequent bands of black, redj brown or yellow silt, according 
as the material composing the fragments is predomioantly basalt, basaltic scoria, or 
varieties of tufE. To the west, the snow-drifts are conspicuously cleaner, and the dis- 
coloured bands are further apart. Such as do exist are filled with rather coarse fragments 
of the quartzite and slate, both of these rocks tending to cleave into sharp*edged 
fragments of rhomboidal shape rather than to crumble into dust. 

The cause of the silt-bands in such drifts is self-evident when studied in so favourable 
a spot, especially when, to the evidence provided by the rocks, is added that afforded 
frequently by the inclusion of penguin feathers, of wind-blown fragments of seaweed 
from raised beaches, or more infrequently of fragments of moss. The life-history 
of the drifts is clear. They are screes of mingled rock fragments, snow, snow- 
drift and wind-driven rock dust. The darker bands of coarser material, represent the 
outcome of the summer months, when the snow battles least successfully with the 
accumulation of the heavier fragments loosened by the thaw and by the frost from the 
cli& above. Less well-defined bands arise from concentration due to the occurrence 
of prolonged periods of ablation between the incidence of snow-carrying winds, but these 
latter must often be telescoped into each other durmg the succeeding summer season. 
In the smaller masses of Snowdrift-Ice, this is probably the only method by which such 
alternation of silt-free and silt-impregnated ice can arise. In the larger examples, where 
the Snowdrift-Ice passes gradually into Cwm-Ice, or into a baby glacier, other compli- 
cations wiU arise which will be referred to later. 

The normal contour of these silt-bands, in the simplest imaginable case, will be 
that of the upper surface of the drift which forms the top of the ice-body. This may, 
of course, vary according to the situation and environment of the drift, or the shape 
of the hollow in which it lies. The contour will, however, be of simple shape in the 
majority of cases, and the silt-bands will then show up at the vertical face of the ice- 
sheet as horizontal, or gently undulating, but somewhat discontinuous lines, as shown 
in the illustrations of Plate OXLIX. 

It is hardly necessary to point out, however, to any reader with a personal acquaint- 
ance with the efieots of wind or thaw sculpture upon snow or ice surfaces, that tlie 
simple form thus indicated may be departed from to a very considerable extent. A 
study of possibi]itieB in this respect would convince the observer that practically any 
of the many diverse folds which appear in the strata of Snowdrift-Ice may he explained 
m this fashion. A partioularly interesting example showing silt-bands apparently 
crossing one another is shown in Plate OL. 

The most markedly unconformable surfaces may be expected, and are indeed 
observed, and much apparent folding, with the possible exception of certain symmetrical 
overfolds which will he referred to later, is susceptible of explanation without con- 
sideration of movement within the body of the ice. Prom the nature of the ice masses 
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we are at present considering, movement other than molecular readjustment is not likely 
to occur ; certainly movement siifiB.oient to produce folding is unthinkable. Yet it is 
in these masses that some of the most sinuous silt-bands are seen — ^appearances which 
would undoubtedly have led to the assumption of movement of the ice on a large 
scale, had they been found in ice-sheets of a size and in a position where movement 
might naturally be expected. 

A particular type of unconformity which owes its origin to a similar sequence of 
events is figured in Plate OLI. Here ablation or ice*movement has caused the formation 
of large hollows in the surface of a glacier, and, in the particular -illustration, one such 
hollow, partially filled with fresh deposits of horizontally stratified snow, has been 
exposed in the glacier cliQ. In the case in question, the cause of the phenomenon is 
easily seen, and the recent life-history of the snow and ice in question is easily deciphered. 
It can, however, be imagined that should such an occurrence take place comparatively 
far back in a glacier, so that the snow layer was completely changed to ice (as is the case 
in Plate OLII), and had, moreover, been covered by ice-strata of leas local occurrence 
(as in the series shown in Plate OLIII), the elucidation of the cause would not be so easy, 
and the explanation would perhaps be more open to controversy. Purther, should the 
lower and upper strata be thrown into contortion by ice-movements on a large scale, 
a confusion of banding might result which would altogether defy detailed explanation. 

A further complication, which may arise in a similar manner, is shown in the 
photograph in Plate OLTV*. Here, two unconformities occur one above the other. 
Given an alternation of periods in which precipitation and ablation, respectively, 
preponderate (or even changes of wind direction resulting in the alternative formation 
and destruction of an efficient lee), there is no limit to the number of such discontinuities 
which may occur in the same glacier. In some cases, such unconformities have been 
rendered more evident by the occurrence of two separate systems of crevasses, one 
confined to the lower layers only, the other common to both. Such a case occurred in 
a berg near Butter Point in McMurdo 
Sound, and is shown diagrammaticalLy 
in Fig. 89, The comparatively 
common occurrence of bergs of the 
type figured in Plate CLV proves 
that the occurrence described is fairly 
frequent in &e life-hiatory of an 
Antarctic glacier. The same action 
goes on during every strong wind on the surface of every snow-covered mass of ice, 
th migTi on an infinitely Am all at sc^e which may not be preserved as a detail of the 
major stratification of the ice-sheet. 

An interesting feature of such unconformities is the persistence of the appearance 
throughout long periods of time, the unoonformitieB being still well defined and 
recognisable even after the ice above and below the lines, when e xamin ed in detail, 
appears to have much the saine granulation and much the same air-content. 
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In many case&— -in fact, in the majority of oases— the unconformity is rendered more 
apparent by the concentration of wind-blown dust along the plane of discontinuity , so 
that the latter is often itself a silt-band having an origin, similar in everything but 
magDitnde, to those already described as causing the characteristic horizontal banding 
of masses of Snowdrift-Ice. 

A second method by which silt-bands in ice have been formed in Antarctic glaciers 
is by the inclusion of dust and other detritus in open crevasses. Normally, the crevasses 
in the larger glaciers that have been studied in Victoria Land are snow-covered for the 
greater portion of their existence, so that this method of production of silt-bands cannot 
occur to any great extent. In the steeper ice-falls, however, this is often not the case, 
and there seems httle doubt that, in this manner, some of the most complicated systems, 
of all those that have been observed, have been formed. 

Such a formation is seen along a portion of the frontal cUfE of Warning Glacier, one 
of the Rm»-ll glcbciers heading in cwms on Cape Adare and falling steeply down some two 
or three thousand feet into the sea below. 

The whole length of the glacier is just over one mile, and its gathering ground is so 
small and local that it can never have been supplied with sufficient snow to cause a very 
rapid movement. At the present time, it is practically stationary, yet the ice cliff 
which fringes the glacier along its whole seaward face shows sections where the ice is 
seamed with silt-bands folded and hrecoiated into the most complicated shapes, as if the 
ice had been hurled against some obstacle which had crushed it out of all semblance of 
its origmal self. 

Above the tongues of the glacier and the overhanging fringe which connects them, 
where the ice no longer reaches sea level, are a series of magnificent ice-falls, the 
crevasses of which are open to the winds, and into which must be blown immense 
quantities of dust particles. It seems certain that the confused melange of silt-ban<ls 
and brecciated blocks of discoloured ice is caused entirely by the passage of the ice of 
the glacier over these falls, the result being a breccia which gives the impression that tlu^ 
ice has been exposed to irresistible pressure, rather than to the tensions which luiv(^ 
caused the crevasses to which the structure is due. 

The question has been raised by members of the Expedition whether most, if not 
all, of the silt-bands which crowd the lower strata of the valley glacier may not be due to 
the inclusion of dust in the major crevasses of the glacier. It has been argued that 
the more rapid movement of the upper layers of ice will gradually cause the change of 
these crevasses from vertical to approximately horizontal, with a slight iiptilt towards 
the lower end of the glacier, which would satisfactorily explain the tendency to 
upturning of the silt-bands which has so frequently been recorded. The small vertical 
distance between the bands is explained by the upholders of this hypothesis as due to 
the thmuiTig out of the layers of dust-free ice between individual crevasses, which would 
be brou^t about by the difference m velocity of movement between the base and the 
top of the glacier. While admitting the adequacy of this as a common method of 
formation, the writers cannot accept it as a complete explanation of the occurrence of 
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the bands. The esqplanation of the closeness of the bands to each other (veitioally) 
seems adequate, but the majority of the crevasses of the glaciers studied are, with 
few exceptions, far too irregular and discontinuous to give rise to the often orderly 
sequence of silt-bands observed. 

There remains the accepted explanation of the derivation of silt in the lower strata 
of a glacier — ^its coUeotion by the glacier from the more prominent of the obstacles over 
and around which its course is directed, or from its bed and its subglacial moraine. 
The weight of evidence in favour of this method of derivation for the greater quantity 
of the rock material in a glacier is undoubted, but little direct support can be adduced 
from the study of glaciers in the South Victoria Land region. It seems the most 
competent explanation of bhe occurrence of the d&yriSy but the sorting of the material 
thus gathered into definite silt-bands does not so easily fall into line. The passage of the 
ice of the glacier over bars set transversely to its course, such as are likely to arise owing 
to imevenness in the hardness of the rooks composing its bottom, might be competent 
to explain the banding in some measure. Even this, however, does not seem adequate 
to account for .-their regularity and universal occurrence. A photograph of the root 
of Warning Glacier, where the ice lias broken back far enough to expose the outline of 
a rock bluS over which it passes, does suggest that the dSbris in the lower portion 
of a glacier will be roughly disposed in surfaces parallel to the outline of the bed 
(Plate CLVI).* The explanation of the occurrence shown in the photograph does not at 
once suggest itself, however, unless, as seems possible, the ice portrayed is part of the 
original Snowdrift-Ice, which was the ancestor of, or was flooded by, Warning Glacier, 
so that the siLt-bands are simply concentration bands such as have been described earhei 
in the chapter. 

The regular disposition (in bands) of rook plucked from the bottom and the sub- 
merged portion of the walls of a glacier valley does not seem likely to be origioal, and the 
eiq>lanation of the arrangement as a secondary re-sorting is diQicult of explanation. 
That this is, however, the most likely explanation for the presence of the dibria in the 
lower layers must be admitted. That rook material thus carried may, in time, even 
reach the surface of the glacier, has been proved by Chamberlin’s researches in Green- 
land, From the Antarctic, confirmation is afforded, both by the not infrequent occur- 
rence of upthrust m Antarctic glaciers and by the occasional appearance of mysterious 
surface moraines, without any very obvious surface derivation.f 

* Tlie attitude o£ the figure iii this and many other ice photographs is explained by the diffi-oulty of 
using pen or pencil at very low temperatures. The Warning Glacier photographs wore taken during spring 
sledging, and identifioation was muoli aided by the use of the semaphore alphabet. 

t An alternative explanation of the latter is afiorded by the theory put forward by F. Dobouham, 
which is the only satisfaetory explanation yet suggested to acoount for the sporadic occurrence of miiabilitc 
deposits and organic material on the surface of glaciers floating over enclosed arms of the sea. By this 
theory, the morainio material would be derived from the sea bottom, and have finely reached its present 
position through a oombiaation of growth from below and denudation from above. In this connection 
it is interesting to note, that the most probable instance recorded from the legloxis examined by the present 
Expedition was the one from north of Inexpressible Island, which was, in fact, associated with one of the 
shell deposits to which Dobenham’s theory more particularly refers. 
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Besides the horizontal silt-hands which play so important a part in rendering visible 
the smaller detaila of glaoier stnicture, there occur frequently, scattered here and there 
along the face of a glacier, much more irregular hands, few in numher, irregular in disposi- 
tion, and much more vertical in alignment. These may, according to the experience 
of the writers, he correlated with the carriage of rock dihris from higher to lower strata 
of the glaoier, either through the medium of partiaUy-fOled crevasses, or of channels 
excavated ia the ice by streams. They are decidedly minor features, but are interesting 
as cifEording the true explanation for many of the irregular or vertical bands of discoloured 
ice seen in the faces of bergs, and diOSlcult to account for, unless viewed in relation to the 
glaciers from which the hergs have their origin. 

(iii) Blxjb-Bands in Iob. 

The stratification of the ice of an Antarctic glacier is rendered visible even from a 
great distance if silt-bands are present and well defined. A closer examination of the 
face of almost any glacier, however, whether it bears an appreciable a^nount of silt or 
not, will show that its whole mass is composed of an alternation of strata which are 
more or less easily distinguishable, either by the amount or by the mode of arrangement 
of their included air-bubbles. The universality of this stratification and the great 
number of the layers which comprise it, are perhaps the most striking criteria of tho 
chmatiG conditions under which Antarctic glaciers have been formed, as opposed to those 
of more genial dimates. The temperature of the Antarctic summer is such that, but 
for the influence of the wind, every fall of snow of any magnitude would add its quota 
to the glaciers and icefields on which it falls. The only exceptions, and exceptions that 
might be expected, are for small rock-bound ice masses, and those which — for example, 
the Ferrar G-lacier — are enclosed in rock valleys unusually deep in proportion to their 
breadth. In such cases, re-radiation from rocks and the heating of bodies of stagnant 
air do occasionally lead to thaw on a comparatively large scale, as on one occasion, in 
1908, on the Ferrar Glacier, when the air temperature ranged between 34® F. and 40® F. 
for nearly forty-eight hours. In aH normal cases, however, this action does not take 
place. 

Were it not for the prevalence of strong gales which, by their accompanying drift 
snow and by their ablative action, drastically modify both the distribution and the 
persistence of the snow which falls, the stratification of the Antarctic glaciers would bo 
a still truer record of the precipitation than is the case. As it is, the record is too com- 
plicated to afioid much reliable evidence of individual past snowfalls, though, in isolated 
cases, evidence has been obtained by trenching which agrees very well vrith the weather 
of the particular season. 

It is to such trenching and to the evidence adSorded by the observation of the walls 
of crevasses, that we must look for an explanation of various anomalies in the stratifica- 
tion of Antarctic glaciers, as observed in their end faces and side- walls, which are at 
first sight not altogether easy of explanation. 

238 



After the silt-bands which, have already been considered, the most con^iouous 
phenomena of the stratihcation are the air-free layers which occur as more or less* 
brilliant blue-bands, irregularly spaced through the thickness of most glaciers. These 
vary in alignment from vertical to horizontal (being mostly approximate either to one 
or the other direction), and in thickness from many feet to a fraction of an inch. They 
may be divided into at least three classes, and it is under these headings that it is pro- 
posed to consider them in some detail and to endeavour to account for there formation 
on theories based, so far as possible, on direct observation. 

(a) Vertical IcerDyhes , — ^Perhaps the most striking and frequent (especially in the 
northern regions of South Victoria Land) of all the types of blue and white banding are 
the vertical, or nearly vertical, ice-dykes which obviously bear little relation to the 
horizontal stratification of the glacier. 

There is fortunately no doubt about the origin of this striking feature of the 
Antarctic glaciers, for every stage may be seen from the open crevasse to the perfect 
blue ice-dyke, with the air concentrated in regularly-arranged air-tubes which do not 
appreciably afEect the brilliant blue colour of the ice. The occurrence of these ice- 
dykes is particularly frequent in glaciers, such as Warning Glacier, which descend 
steeply from a high elevation, and are in consequence particularly heavily crevassed. 
Their formation is favoured when, as in the same instance, the summer climate is 
comparatively warm and snow-free, so that the crevasses of the icefalls often lie open 
throughout the summer when the iofLuence of the summer sun is at a maximum. The 
examples figured in Plates CLVII and CLVIII are taken from this glacier, but are 
typical of the bands wherever they occur. Plate XOV shows a similar ice-dyke 
taken sufficiently close to bring out the detailed arrangement of the air-tubes. 

They are very common in all glaciers which are much crevassed, but compara- 
tively stagnant. For their greatest development, the ideal conditions are the presence 
of numerous crevasses which remain open for a considerable time and are acted upon 
by a rather iutense sun in the summer. 

The origined method of formation of the ice in the more perfect of the blue dykes 
is betrayed by the regular arrangement of the air-content in the form of long tubes, 
often of hexagonal cross-section, lying perpendicular to the sides of the crevasse. The 
growth of prisms outwards from the walls of crevasses, which has been observed in rather 
wet crevasses iu the summer, is doubtless the first stage in such a process, which is much 
hastened by the presence of abundant water. That this is the method of formation is 
also suggested by the fact that, in the case of imperfectly-filled crevasses, little geodes 
filled with snow and air have contained rather imperfect crystal faces of the constituent 
crystals which formed theic walls. 

The curved arrangement of the tubes in Plate CLIX shows that the method of 
formation of the dykes is not always so simple as that just described, but it is the 
opinion of the writers that, in all oases where such tubes were formed, the method of 
formation of the ice has been through the formation of crystals whose length greatly 
exceeds their breadth. A good analogy is afforded by the ocourrence of similar .xariially- 
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arranged air-tubes in certain cryoconite boles, where the fresh ice filling the holes has 
been formed from pure water uncontaminated wifch snow. EzceUent examples, one 
of which is shown in Kg. 61, Chapter III, were seen in the Dugdale-Murray medial 
moraine to the south of Robertson Bay, but all attempts to pick them out to be photo- 
graphed were failures. 

The above sequence of events results in the formation of the pure blue ice-dyke, 
which is the most perfect form of a phenomenon which can be seen in all its gradations 
down to the open crevasse. Many were seen which, while partially filled with blue 
ice, also contained a fair quantity of less pure ice which had been formed by the 
precipitation of snow masses with included air into the thaw-water filling the bottoms 
of the crevasses. 

Much more common still were heterogeneous masses formed of a medley of irregular 
blocks of glacier ice and ice formed from snow dSbris, while wind-blown dust was common. 
Cases were also seen of the inclusion in such ice-dykes of solid blocks of n6v6, or normal 
glacier ice formed from n6v6, which was the result of the freezing of a snow^lid in place. 
In such a way, the form of the snow-lid was well preserved, though unfortunately no 
section was seen perfect enough to photograph well. Large masses of the curious 
of pure ice crystals bounded by white air-laden lines were also seen. Here, 
again, the formation was clearly due to the impregnation of snow by water and a conse- 
quent very perfect recrystallisation which had resulted in the concentration of almost 
all the air in the snowy boundaries between the crystals. In some cases, this type 
of ice had weathered most markedly, the snowy ice between the crystals having 
disappeared entirely, leaving the individual prisms standing up like radiating columns. 

(6) Horizonial Blue-Bands . — The second type of blue-band, much more an integral 
portion of the glacier and much more important to the elucidation of its life-history, 
is the horizontal band. These are often persistent for great distances, but more usually 
are disposed in the form of thin long-drawn-out lenticules. 

It is unfortunate that the photographs taken , of these horizontal bands were not 
so successful as those of the ice-dykes, hub examples are shown in Plates CLX and CLXI, 
where they can be made out quite clearly as dark hues running along the face of the 
glacier. 

Bands of this kind, which are common to almost all Antarctic ice-sheets (though 
in many cases they may he obscured by subsequent changes), were best seen in, and are 
figured from, the glaciers on the western side of Robertson Bay. Perhaps the best 
example of such a normal blue-hand was that occurring in the Shipley Glacier, north 
of Cape Barrow, where a narrow band, nowhere more than a foot thick and slightly 
irregular both above and below (though more so below than above), extended along 
the face of the cUfE for about half a mile before dying out as i£ it were a section of a very 
slightly-curved lenticule. The majority of the pure blue horizontal bands on this and 
other glaciers were, however, much less persistent and much thinner, ranging in 
thickness from less than J inch to 2 or 3 inches, and in length from a few yariis 
upwards. 
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One mettod of formation of ^iioli bands is described when, in Chapter III, mention 
is made of the inception of an ioe-orust some few inches above the surface of melting 
sea ice in McMurdo Sound and Robertson Bay. In this CMe, the conditions were 
peculiar, and the presence of the warm sea ice below hastened the formation of the 
crust at the expense of the snow beneath it, until the latter entirely disappeared, leaving 
a thin “ pane ** of ice suspended at its edges from the more solid snow-drifts around it. 
Similar exaggerated cases were frequently observed in the height of summer on the surface 
of glaciers which were so situated that radiation could exert its maximum effect. Though 
no suitable transition cases were seen for some time, it seemed probable that the forma- 
tion of some of the blue-bands in many glaciers must be the result of some such process. 


During the course of a sledge journey in the Terra Nova Bay district, in the s umme r 
of 1911—12, undoubted proof of this method of formation of blue-bands, precisely 
like those formed in the normal life of a glacier, was obtained. The first examples 
were seen at the surface of the snow of a local gathering ground, or n6v6-field, in the 
lee of the Northern Foothills bordering the Oampbell-Priestley Oonfiuent-Ice. Here 
the drifts were many of them covered by a thin glass-like crust, which was underlain 
by a coarse granular snow which was only slightly coherent, and which had easily been 
removed by the action of wind and drift, leaving (Fig. 24, Chapter I) overlapping 
edges of knife-like sharpness, often extending some 9 inches or 1 foot beyond the low 
snow-waU on which they were supported. The strong sun of the fe:w previons days 
had formed the crust bv deposition of vapour rising from the upper few mches of mow. 
As always happens in’' such cases, the smaUer snow-grains had disappeared and ^e 
larger ones had grown at their expense, giving a coarsely granular texture to the snow-^. 
The excess vapour had solidified on coming into contact with the current of cold am 
passing slowly over the surface of the glacier, which was the nearest to a calm experien^ 
in this paxticular region. It was curioiofl that only oertainsnow-drifts^dherainaikedly 
afCectod by this process. The later-formed ones had not yet consolidated, an were 
composed of larger grains mthout a crust ; the snow-drifts of the ^vmns^^ w 
had a very compact texture, had been modified to a much less extent. ^ this ^e 
region, the summer weather was actually producing the three or four 
S which are characteristic of the normal Antarctic glacier. It was o^y nec^ 
t the subee^e^^h e««s»e«on of the ieiW m^ oi 

to undMstand quite clearly the appearance of such a t^t as it would po , y PP . 

liiinilrMhi of vears later, at the terminal face of the glaoier. j v 

^ dee. wh» a. .0^ 

■uMMonJ leyeie of onow, so hhot it » »o "rd” iosthor. 
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illustrates the face of one such excavation ; Plate CIV is a view of a sample of the 
large-grained snow beneath the upper crust. Snow had recently fallen and was lying 
loosely on the ground to a depth of 9 inches. Beneath this was a light, but thick, crust 
of n6v6 which itselE covered some 3 to 6 inches of granular snow. The next layer was 
the most important one for the elucidation of the method of formation of the blue-bands. 
It consisted of a sheet of pure ice, varying from ^ inch to 2 inches in thickness 
and was evidently the result of the continuation of the process which has already been 
described. Underneath it for at least 18 inches there was nothing but loosely coherent 
grains formed from particles of snow and ranging individually up to | inch in diameter. 
The majority were quite separated, but here and there were a few joined together to 
form a miniature lump of true Antarctic n6v6 (see Plate CV, Chapter III). Given still 
more accumulation above, with sufficient pressure to close up the greater portion of 
the space left by the extraction of water vapour, and the result would be just the 
type of section shown, somewhat poorly, in the photographs of Plates CLX and 
CLXI. The most interesting thing about the formation of these local blue-bands 
is that, during the whole time of formation, the temperature of the air had never 
been within several degrees of the freezing-point. It is possible that the temporary 
formation of water might have taken place during the initiation of the crust on the 
surface, but it certainly could not have been present during the subsequent modification 
resulting in the thickening of the ice-crust below the freshly-fallen snow. The snow 
was singularly free from included rock-dust, and the process appeared in every way 
to be the normal one through which the majority of the glacier ice formed, at any rate at 
low altitudes, in this portion of the Antarctic, has its origin. This process is adequate 
to explain the general appearance of the thinner and more local blue-bands seen at the 
terminal faces of the glaciers of the Robertson Bay and Terra Nova Bay region. Fuither 
to the south, the main difference in the glacier faces examined lay in the comparative 
freedom from these bands of pure blue ice, except in conditions exceptionally favourable 
to the action of the summer sun. 

The stratification in the ice of many of the glaciers of the Ross Island area and also 
of the huge masses such as the Ross Ice Barrier, the Drygalski Ice-Tonguc, etc,, was 
mamly confined to alternations of whitish ice witli more air-bubbles and bluish-white 
ice with fewer air-bubbles, to which we have given the term white-banding, to distinguish 
it from the stratification at present under discussion. The origin of these, though 

touched upon in foregoing paragraphs, wiQ be more fully discussed later in the 
chapter. 

The absence of the blue-bands in these latter icerformations is undoubtedly to be 
correlated with a greater severity of summer climate in the regions where they exist. 
The farther south one goes, the less the altitude of the mid-day sun and the less the 
insolation. A similar result is attained at a lower latitude, through the entire absence 
of rock and sea as conservers and re-radiators of the sun's rays. Thus, as might bo 
expected, it is found that, while in lower latitudes the formation of blue-bands of the tyije 
described above proceeds normally in all ice-formations, in slightly higher latitudes 
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it proceeds normapUy only in the smaller lock-bonnd glaciers and snow-drifts and along 
the margins of the greater icefields where their rook walls produce a marked effect. 
In the highest latitudes of aU, as for instance on the plateau about the South Pole, 
one would expect to find an absence of crust (other than wind crust) which would be 
directly correlated with low summer temperatures and low altitude of the sun. That 
this is the fact is borne out by the discovery of deep unorusted surfaces on the polar 
journey. 

While the normal thin horizontal blue-banding in the Antarctic glacier of the lower 
latitudes is elucidated by the actual processes taking place at the present time in surface 
snow-drifts, the more persistent and thicker bands occasionally found at one or more 
levels in a glacier face cannot be accounted for in this way. We refer, for instance, 
to the band occurring half-way down the face of the Shipley Glacier, which extends 
for at least half a mile and is a foot or more thick, while horizontal bands of much greater 
thickness have been recorded from other glaciers. 

One tb’ng seeros undoubted, namely, that any adequate hypothesis put forward 
to explain such an occurrence musb take into consideration the action of water, in some 
cases of a considerable body of water, which alone could account for such thorough 
recrystallisation as is implied by the complete disappearance of air from bands of glacier 
ice of considerable extent and often many feet in thickness. At least three processes 
have been actually observed which are sufficient to account for a great number of such 
bands, and, indeed, which must from their very nature give rise to broad and deep 
bands of blue ice in the body of Antarctic glaciers. 

The establishment of meteorological cycles in many counbiies whose climate lias 
been under systematic observation for considerable periods of time, brings into prominence 
the idea that, in the Antarctic also, where, unfortunately, we have no long-continued 
series of observations, there quite probably occur periods during one portion of which 
the climatic conditions are more favourable to the precipitation and preservation of 
snow than at other times. Certainly, we know from the observations wo liave been 
able to secure, that the snowfall and wind velocity — the two factors upon which the 
accumulation of snow in any particular district depends — ^vary from year to year. 

Also wo know that, while at one portion of its course a glacier may be exposed to 
continual blasts of wind which keep it swept clear of snow, at another portion its surface 
may be in such a position that the region is predominantly one of accumulation. At the 
same time, it should be borne in mind that the great majority of the larger Antarctio 
glaciers are moving, albeit slowly, so that the surface exposed for some years to the 
polishing blasts of the wind and, incidentally, also, to the thawing efEect of the 
sun, will sooner or later pass beneath the protective covering of snow-drifts, and that 
under this covering the aspect imprinted upon it by the vicissitudes through which 
it has passed higher up the valley will be preserved. 

A closer consideration of these varying factors will disclose many combinations 
which will tend to preserve n6v6 as n6v6, or at least to modify it only very slowly into a 
whitish bubbly ice ; while, on the other hand, other combinations of circumstances wiU 
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tend to hasten the change in certain portions of the ice mass, and may produce as a final 
result the blue-bands for whose presence we are endeavouring to account. 

Ijet us, for example, take the case of a glacier where a stretch of some 2 or 3 miles 
is so exposed to the wind and the sun that the net result of their efforts is an excess 
of ablation over deposition. The resultant surface of the glacier will be of blue ice. 
This has been proved again and again in the many glaciers traversed in South Victoria 
Land. In the summer, this stretch of blue ice may be exposed on occasion to a tempera- 
ture above freezing-point. On one occasion, on the Ferrar Glacier, one of the writers 
was a member of a party which was obliged to pull for four or five hours beyond the 
limit of a normal day’s march before a single snow-drift or dry patch was met suitable 
for a camp-site. The whole surface of the glacier was covered with a network of streams 
only a few inches deep, but covering half the surface of the ice. This was an exceptional 
case, but on that occasion the top ice of the glacier must have become completely water- 
logged to a depth measured in feet. The constant seeping upwards of the air contained 
in the ice could be seen and heard by the bursting of the air bubbles as they reached 
the surface. In 48 hours the thaw had ceased, but who can doubt that the result, 
even in this short period, was the formation on the surface of a band of pure, practically 
air-free, blue ice which must have been of considerable thickness. Given favourable 
circumstances during the succeeding winter, or the passage of that ice behind a projection 
where snow was liable to accumulate throughout the year (as actually happened a mile 
further down the Ferrar), and the band in question would finally appear at the terminal 
face of the glacier precisely as did the band in the Shipley Glacier and other similar 
bands which have been seen elsewhere. 

The intervention of an extreme thaw, such as that referred to, is not necessary 
for the formation of quite thick blue-bands, for many of the Antarctic glaciers are very 
stagnant, moving only a few feet a month, while the conditions in their valleys may 
be such that for stretches 2 or 3 miles in length, ablation and wind-action keep a clear 
ice-surface practioally throughout the year. 

In such cases, time will do as much to produce considerable change as was acconx- 
phfihed by more mtense thaw conditions m a few hours. Though ablation may lower 
the sur&ce a few inches each year, the limit of action will still be set by the limit of 
efEeotive work of the sun’s rays and of the water produced by thaw. When the bare 
surface finally disappears, as it practically always does, beneath the snow-drifts accumu- 
lated in the opening of the glacier valley and along the coast on which it debouches, 
the growth: of the blue-band will almost or q^uite cease. When the old surface reaches 
-the terminal face, however, it will appear as a. broad blue-band, slightly irregular, 

but still very definite and very marked, amongst the less well-defined strata of normal 
^oier ice. 

That such action is commonly producing blue-bands may be seen from a study 
of the unconformities already referred to in connection with the study of silt-bands 
due to concentration. The ice immediately below such unconformities is invariably 
freer from air • and- consequently bluer - than that above. 
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Here, again, the formation of the major horizontal blue bands will go on more freely, 
the more genial the climate. The extreme caso is seen in the blue ice of the glaciers of 
temperate climates, but differences can be seen quite clearly in different latitudes of 
the Antarctic itself. 

Finally, some remark must be made of various wa3^s — all of them connected with 
the short Antarctic thaw season — ^in which local bands and bodies of blue ice, sometimes 
of considerable extent, but on the whole of irregular shape, may be formed. Several 
quite different methods of formation have been observed, each of which may account 
for some tracts of blue ice. The principal ones worthy of particular notice are os 
follows. 

The surface of the normal glacier of any length is by no means regular, even if we 
except the ice-falls and structures etched by thaw or wind, or due to the local occurrence 
of rock material. One of the principal differences between the work of large bodies 
of ice and of water is that, while the latter tends to grade its bed, the former does not 
do so to nearly the same extent. In fact, it is possible that, when a glacier has taken 
over a graded river valley, it may accentuate such small irregularities due to different 
hardness of rock as may already be present. In accordance with this, we may expect 
to have the ice dammed back to some extent in passing over or round such ohstructions, 
with a tendency to flow uphill on the upper side of the obstacle. That this actually 
happens will be a fact within the common knowledge of all observers of glaciers on a 
large scale. By this means, large shallow basins are formed on the glacier surface, 
while the local accumulation of drifts in favourable situations, and the conversion of 
their lower layers into ice, affords another notable cause of the formation of similar 
basin-shaped irregularities. 

In temperate climates, where the general air temperature is sufflcient to ensure 
the action of thaw-water comparatively deep in the bowels of the glacier, it is not usual 
to And Bupraglacial lakes of more than a strictly temporary nature. In the polar regions, 
however, and especially on the Antarctic Oontinent, such phenomena do occur with fair 
frequency. The writers have sometimes been members of sledge parties which have 
been seriously incommoded by the intervention of such lakes across the path they 
were following up or down a glacier. Even the formation of oracloa and crevasses does 
not readily draiu supragladal lakes in Polar regions, for anything but a big crevasse 
is quickly choked with newly-formed ice before much water can drain away. These 
supraglaoial lakes seldom tend to form in places where movement on a large scale is 
likely to take place, but are commonly met on relatively stagnant glaciers, such as the 
majority of the glaciers of South Victoria Land. They occur usually on the gentler 
slopes and, particularly, where valley glaciers debouch on to an ice-plain such as a ^eet 
of Confluent-Ice, Piedmont-Ice or an Ice-Tongue. Intermittently — ^when periods of thaw 
set in — ^they are fed by the glacier streams, but in the intervals they are choked with snow 
and quickly cemented into a dull greenish-coloured ice ; or, iE snow does not fall upon 
or drift into them, they freeze into plano-convex lenticules of blue ice which would show up 
very distinctly when dissected in a cliff face. On one occasion, when one of the writers 
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was Bledgmg on the Perrar Glacier, an excellent view was obtained in tbe sides of a 
crevasse of two or three lenticules of blue ice which must have been formed in this way. 
This was rendered more probable in that, in this very region, a similar lake of slush had 
compelled the party to make a considerable detour on the previous day. Such lakes 
have also been met on the Campbell Glacier, at the point where the Priestley Glacier 
debouches into the Campbell-Priestley Confluent-Ice, on the Murray Glacier in 
Kobertson Bay, and, on a smaller scale, on several smaller glaciers. They are quite 
different in origin from the majority of the many lakes and tarns which fonn 
the principal feature of the scenery on any large and broad accumulation of 
moraine. 

The second example of the local production of blue ice in the body of a glacier 
is that afforded by the lakes and tarns referred to in the last sentence of the previous 
paragraph. Wherever moraine material is present in large quantity — and, in spite 
of its general scarcity, several striking cases can be cited from every district examined — 
these small and large lakes are a marked feature of the landscape. They are due 
primarily to the local effect of radiation upon the rock-strewn ice, or to the water borne 
by glacier streams. Differences in the disposition, differences in the thiclcness, differ- 
ences in the composition of the rock mantle, all produce local irregularities which 
usually tend to cause the surface of the ice to become an irregular mosaic of ridges, 
peaks and hollows. In the trough of every undulation, and in every little local hollow, 
the thaw-water collects to form lakes whose size is dependent upon the shape of the 
depression, and whose volume upon the relation between the amount of water locally 
available and the efficiency of any means of drainage present. Drainage may be com- 
plete, in which case a layer of silt — or, if the lake has been fairly long-lived — algm, will 
be the only relic of its former presence. If it is not complete, on the other hand, a 
body of blue ice will result which, as the ice moves further from the source of supply 
of rock, will be less and less accompanied by boulders, until finally the cause of its origin 
may only be inferred from the accompanying cryoconite holes which show where tlio 
rocks and silt have sunk from sight. Photographs of such lakes accompanied by a 
greater or less accumulation of rock are shown in Plates OXOIX and CO. 

Knally, bodies of blue ice of quite different shape will be formed by the water- 
impregnated ice beneath the many thaw-channds which, in the height of a warm slimmer, 
seam glaciers such as the Eerrar. The latter is the one glacier on which the extreme 
thaw has been seen typically developed, but most Antarctic glaciers in coastal regions 
where much rook is exposed will have, in a normal season, one or two streams of fair 
size. These only run for a few weeks or days in a year, but they have an important 
.effect on the ice beneath them. They will also frequently be partially filled with ice at 
the close of the summer season. Should accumulation permanently exceed ablation for 
some considerable time, the result might easily he the preservation of the watercourse 
with its contamed thaw-ice ” as a relic of former more genial times. Such a lateral 
fossil thaw-stream, appearing later in section in a glacier cUff, might easily give the 
impression of a very persistent and thick stratum of air-free ice. 
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It is possible that some of the most prominent blue-bands reported may have had 
tlioii origin in tliis way. Incidentally, it should be remembered that such thaw-streams 
will fill any crevaBscs in their path, and, in this way, many of the vertical ice-dykes 
already referred to must have been formed. Not only supraglacial streams, but englacial 
streams also, Iiave been observed in Antarctic glaciers, and one of the latter in the 
Cainpbell-Priestley Confluent-Ice could be heard rushing through the ice some hundreds 
of yards back from the ice-face, and seen pouring out on to the sea ice, flooding the 
undulations into wliich the latter had been thrown by pressure, and forming miniature 
blue-bands of a temporary nature even upon tbis very unpromisuig foundation. 


(iv) WniTB-BAiirDiNa. 

It cannot be too clearly impressed upon the glaciologist not personally acquainted 
with Antarctic land-ice formations that the normal ice of the Antarctic glacier — with the 
possible exception of quite abnormal glaciers deeply trenched in rock valleys and almost 
stagnant — ^is not the bine ice usually encountered in more temperate regions. The 
face of ttuy normal Antarctic glacier will appear white in reflected light (Plate CLXXVII), 
and the stratified appearance which is a most marked feature is not usually due to a 
distinct alternation of white air-filled ice with blue air-free ice. The blue bands just 
des(*ribed. ivro somewhat exceptional, in that they do not form any great bulk of the 
normal ice-face. They could all be removed without an appreciable diminution in the 
height of tJie majority of glaciers. The normal stratification always referred to when 
the layering of Antarctic glaciers is discussed, is that which is rendered visible by the 
ordered sequence of layers with varying air-content and varied texture. 

^riiat such alternations must occur in any normal glacier, formed under conditions 
where there is no appreciable melting even of the upper layers, has already been indicated 
when discussing the cause of formation of the thin blue-bands dealt with already. The 
formation of a crust through the agency of ablation involves inevitably a measure of 
cliango in tlie granulation of the snow beneath the crust. The smaller fragments of 
snow tend to disappear and the larger ones to increase in size and thickness at their 
expense. J2ven the formation of a crust due to the compacting influence of strong 
wind lias the same effect, for the very inception of a crust by any means causes a plane 
of temperature discontinuity favouring further deposition of ice vapour. It is a fact 
in the Antarctic — ^as elsewhere, even when the temperature keeps below freezing-point — 
that, whether there is wind or not, a crust will gradually form on freshly-fallen snow. 
If wind is active, or if a fairly hot sun is operative, the crust tends to form at the surface 
itself. Conditions do occur, however, when the equilibrium is such that a crust also 

forms some few inches beneath the surface of the snow- 

The formation of a crust being O' matter of observation, and the tendency of a crust 
when once formed to grow at the expense of the crystals beneath it being a matter of 
safe deduction, the question which now arises is : — ^What are the factors that tend to 
differentiate the different layers isolated in this manner ? All that is required to account 

Q 4 


247 



for the differences in composition in stratified ice, is an original differentiation carried 
some little way before deposition covers the layers, and thus removes them farther 
from the surface zone to a position where the weather, and especially the sun, has no 
pronounced influence. Once the differentiation has been initiated, it may, we 
think, be admitted that subsequent changes will proceed at a different rate in different 
layers, provided always that conditions remain such that water does not form and 
act as a dissolving agent, upsetting the sequence of changes that goes steadily on in ice 
at a temperature below freezing-point. 

What factors are there which would tend to initiate such a differentiation ? The 
answer is clear. At least one important factor is the seasonal snowfall ; another, equally 
important, is the proportion of fine weather in the summer, when the sun is exerting 
its mayiTmim effect in the transformation of snow to n6v6 and n6v6 to ice. The air- 
content, in particular, will vary according to the degree the snow is compacted by 
temperature and wind, according to the period that elapses before the next considerable 
snowstorm, and, finally, according to the intensity of the sun’s action during the fime 
period. The resultant impermeability of the crust wifi, be due to the combined action of 
wind and sun in these conditions. 

The rate of growth of the grains wiU vary, other things being equal, with the season 
of the year, for the snow that falls in autumn and early winter will not he exposed 
directly to the action of the hotter summer sun, and will remain comparatively fine- 
grained until it has been covered and protected by subsequent falls or drifts from the 
direct action of the sun. This diSerenoe between the size of the grain of summer and 
winter “ drift ” (as distinct from falling snow) is a feature that wiQ have been noticed 
by aJl Antarctic travellers. In the summer, drift will often be but knee-high with a 
breeze which, m the winter, would have raised the snow about one’s ears. 

In the variation of these two factors, there is cause for a sufficiently large 
differentiation to ensure that the resultant layers (packed closely together though they 
will be by the subsequent accumulation of snow above them, and large-grained though 
they may become during the centuries occupied in passing from the surface where the 
snow fell or drifted to the point, many miles away, where the layers finally outcrop 
at the edge of the ice-formation) wfll still be sufficiently different in texture and appearance 
to be quite plainly distinguished by the naked eye, especially at a moderate distance. 

Examples of n6v6, of bubbly ice, and of ice from a blue-band are shown in Plates OV, 
XOVTI and XCVI. The former is typical of the transition stage between snow and 
ice when — to use our own definition — the air spaces still appear in the boundaries 
between the grains of ice ; the second is a sample of glacier ice which stiU contains 
enou^ air to appear wHte in hulk, but in which the grains have grown to such a 
size that the bubbles of air are mostly completely enclosed in individual grains. 

The former is typical of the upper portions of Shelf-Ice (and probably of moderate 
depths of the Bamer), of Ice-Tongues and Piedmont-Ice, which receive considerable 
acoumulations of snow m situ, and of any places on the face of a glacier where local 
acc um u la tion of snow has contmued for several seasons. It is also found in the jflrat 
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layer beneath the snow of Highland-Ice gathering grounds. It is the first step in the 
consolidation of the snow to granular ice. 

Bubbly ice may contain a greater or less content of air and be composed of granules 
of greater or less average size. It is mainly by such variation in air-content that it is 
possible to distinguish the gradations of the white-banding, the explanation of which 
is the principal object of the present section of the chapter. Often, on close examination 
of a cliff which from a distance has appeared quite plainly stratified, it has been difficult 
or impossible to make out differences in the ice sufficient to enable a description of 
the different bands to be attempted. A close examination and etching of the ice showed 
that the only real difference between the layers was a slightly greater air-content and 
possibly smaller grain of the white bands than of the bluish-white bands. 

Such a slight difference could be explained quite simply, on the assumption that 
the white bands represented the accumulation of snow in the late autumn and early 
winter, the bluish-white bands that in the spring and summer. On the other hand, 
si m ila r differences might well be expected between the ice of radically different years, 
such as, for instance, that of 1911-12 and 1912-13, respectively. Similarly, quite 
as great differences might have resulted from the different conditions immediately 
succeeding two different snowstorms in a sheltered position in the same summer. The 
difficulty is not to account for such differentiation as has taken place, but to distinguish 
between the s imil ar results of several differing sets of circumstances, all of which seem 
perfectly normal, judged by the experience of the British Antarctic Expeditions from 
1901 to 1913. 

Before leaving the subject, one further fact should be mentioned — that, while 
n6v6 is usually confined to the topmost layers of glaciers or ice-sheets, cases have occurred 
within our experience where hands of typical n6v6, as figured in the foregoing illustration 
and as defined above, have been observed alternating with bands both of whitish and 
bluish-white ice of far more mature appearance. 

This is perhaps the extreme case of stratification, which has its parallel at the other 
end of the scale in the hlue-bands already described and explained. It implies a greater 
variation of seasonal conditions, but not one greater than could be accounted foi' in 
the present climabic conditiouB. 

The general tendency is for the air-content of the glacier ice to accumulate in larger 
and fewer bubbles as time goes on. This is correlated with a very slow increase in 
size of grain. Still, even under such circumstances, the white-banding of the Antarctic 
glacier persists to some degree even in ice which must be of considerable age. 

The washing of a glacier face by sea water or by thaw- water will often obscure 
the white banding or may even remove it completely, but this is on a par with that 
thaw action which results in the formation of large bodies of blue air-free ice in the 
manner already described. 

"White-banding is worthy of particular emphasis, since this minute stratification — 
often with several bands in a single foot, more generally with several in a yard — is one 
of the chief differences in appearance between the ice of the Antarctic and of temperate 
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regions. Its persistence is undoubtedly due prinuirily to the low temperatures which 
prevail throughout the liEe-history of a glacier in tliis most frigid of polar regions. 
Another cause which doubtless favours its persistence is the comparative infrequency 
of vertical diSerential movement. It is to be noted that the cases, which frequently 
do occur, of Antarctic glaciers which do. not show marked stratification at their lower 
end, are invariably those where either (1) descent over rough ice-falls has caused 
a marked brecciation and the inclusion of much extraneous snow in the crevasses, or 
(2) stagnant glaciers deeply entrenched in rook valleys. 

Of the former type of exception, any glacier with markedly steep portions may be 
taken as an example, such as portions of Warning Glacier, where the original stratification 
is completely obscured in the lower layers. Aa an example of the latter type may be 
cited portions of the Ferrar Glacier, where blue-bands play a much more important 
part than in most other glaciers. 

(v) Pkbssukb Ridgbs. 

The phenomena so far treated in this chapter have been those which are best 
visible on the perpendicular face which forms the characteristic termination of the 
majority of Antarctic glaciers. We now have to consider certain occurrences, common 
alike bo Antarctic glaciers and to those of other regions, and which do not greatly differ 
in different climatic zones. These are mainly the result of strains and stresses set up 
within the ice, which has essentially the characberistios of a rigid body, in that it is 
unable to adjust itself quickly to sudden stresses without fracture. According as 
the forces applied are those of pressure or tension, we have the formation of pressure 
ridges or crevasses. Differential forces applied to different portions of an ice mass 
will produce such fractures as shear-cracks, faults and overthrusts. The latter arc 
often exceedingly weU shown up by the presence of well-marked silt-bands along a glacier 
face, and good examples are shown in Plates CLXII and CLXIII, which show yet 
another portion of the face of Warning Glacier. 

Plates CLXIV and CLXV show the adjustment of a glacier to forces more gradually 
apphed with resultant overfolding, which is clearly shown up also by the convolutions 
of the silt-bands. 

The result of the application of steady pressures is dealt with in the chapter on 
the mechanism of glacier motion, and it is only when pressure is applied at a rate too 
great for such molecular adjustment to take place that actual overthrust and fracture 
are caused. 

If we consider first the origin of excessive pressure within an ice-mass, we find 
that such pressure may be due to one or more of several causes amongst which the most 
importanb are : — (a) Constariotion of the glacier within narrower linoibs than higher 
up its valley ; (b) Obstructions in its course such as prominent promontories or rock 
islands ; (o) The meeting of two glaciers, or the pouring out of a moving glacier on to a 
coast already occupied by a mass of Piedmontrlce, Confluent-Ice or Shelf-Ice ; or 
(d) The influx of another body of ice as a tributary glacier. In aU cases, the results 
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of pressure are similar, but each type is of sufficient importance to justify some 
consideration on its own merits. 

(a) It often happens, in the valley of a long glacier — ^in fact, it may be said that it 
usually happens — ^that the width of the valley is by no means constant throughout 
its length. Whether the valley be one inherited from a preglacial topography, or one 
gouged out by the ice itself along a natural line of weakness such as a great tectonic 
fault or trough, difierences in hardness of the rock over which the glacier passes and 
through which it scoops its way will result in the quicker denudation of some stretches 
than of others. The result of these constrictions is seen in a piling up of the ice as it 
passes through them, though the piling up doubtless results in an increased scouring 
action, which causes the deepening of the valley, and in this way helps to accommodate 
the extra thickness of ice without causing its surface to slope uphill to an excessive 
amount. The efieot of such a constriction on the surface of the ice is seen in a series 
of pressure waves disposed more or less symmetrically about the shoulders of the con- 
strioting portion of the valley (Plate CLXVI). Pressure waves are formed against the 
obstructing rock, sometimes with cracks at the crests of the undulations. Should the 
movement of the Racier be very quick, a heterogeneous confusion of ice-blocks may 
result from the bursting of the ridges and the shearing of blocks over each other 
through the endeavour of the ice mass to adjust itself rapidly to the new conditions. 
A marked feature of the troughs of the undulations produced in such pressure is the 
most disconcerting of all types of crevasse — that which is quite narrow above but widens 
out below, 

(&) Pressure ridges on a similar scale may be caused anywhere in a glacier where, 
as so often happens, some great obstruction, such as a rock-bar or nunatak, interposes 
itself aorosB the path of an active glacier. In such a case, the ice will be heaped up 
high in pressure waves before the nunatak and, if restricted passage exists on either 
side, the pressure waves will tail ojBE into a series of ice-faUs where the ice pours with 
accelerated velocity over the (generally) steep slopes on either side. Excellent examples 
of such concentric pressure waves and lateral ice-faHs are to be seen on many Antarctic 
glaciers. Amongst the best known may be cited that of the ice pouring round the 
Reeves Nunatak in the glacier to the south of Mount Nansen. A smaller but more asym- 
metrical example is presented by the pressure at the back of the so-called “ Solitary 
Rocks of the Ferrai and Taylor Glaciers. Here, the ice only has passage at the present 
day over the south side of the bar, the northern flow being now entirely cut ofE. A third 
example is that of Heald Island in the Koettlitz Glacier. The most classical Antarctic 
instance of pressure round a prominent peninsula is that at Minna BlufE on the Ross 
Barrier. Here great pressure waves are found miles away from the point, while the 
presence of a continuation of the BlufE as a sub-^glacial obstacle is perhaps suggested 
by the occurrence of a great system of wide crevasses to the northward of the 
BlufE,* 

* The whole question of pressure on tho Borrioi is dealt with in the general description of that 
formation in Chapter VI. 
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(c) and (5) Tlie remaiiiing cases where pressure may be set lip in an ice-sheet are 
so closely allied that they may be adequately treated under one heading. Amongst 
them occur the most important of all cases of pressure. It is to cases such as these 
that the majority of dangerous pressure areas are due, while the greatest examples 
of pressure in glacier ice can often be referred to these causes. The primary cause is, 
of course, the impact of one body of ice into another, and the resultant ice-forms are 
very complicated. "We have to consider the movement of the glacier and that of its 
tributary, or, alternatively, the movement of more than one glacier impinging in different 
directionB upon a more stagnant ice-sheet. When movements are in different directions 
the result is a cross-pressure which is distinctly reminiscent of a cross-sea raised by 
two conflicting winds; where movement is that of a swiftly-moving ice mass into 
a more stagnant body, as of a great Racier like the Beardmore or Denman Glacier 
into the Shelf-Ice along the coast, the resultant pressure is on a most magnificent 
scale, and will often be accompanied by the shear-cracks which will be considered 

later. 

Perhaps the most specialised product of the cross-pressure produced by the impact 
of two boies of ice moving in different directions (not necessarily at widely different 
angles) is what Amundsen has described imder the name “ hay-cocks.” These he 
met during the early part of his journey across the Boss Barrier south of Framlieim. 
They consisted of blocks of ice reared on end very much in the shape of a haycock, 
ffn d were associated with a central hole and radiating crevasses. Similar phenomena 
were observed by the present writers on several glaciers, especially at the 
junction of the Murray and Dugdale Glaciers in Robertson Bay. They occurred 
at the intersection of two pressure ridges which were cracked along their crests, 
and the most apposite analogy to them is the case of the pyramidal waves of a 
cross-sea. 

They should not, however, be confused with a somewhat simil ar appearance often 
met at the junction of crevasses of two different systems disposed at angles. These 
latter often survive after the original crevasses have been recemented, and remain in 
the form of a deep steeply-dipping, sometimes vertical, hole. The resemblance to the 
“ hay-cock ” pressure structure is simulated at a later stage by the formation of a 
deposit of hoar frost from the “ breathing ” of the crevasse. 

The extreme case of pressure could not be better illustrated than it has been in the 
description by the British Australasian Expedition of 1911 to 1914 of the tearing action 
exercised by the great glacier which forces its way through the ice of the Shaokleton 
Shelf-Ice in Queen Mary’s Land.* Here, blocks of ice have been thrust over one another, 
and tom off and tortured into a chaos which is quite impassable for riedge parties. 
Similar pressure phenomena on a slightly less extraordinary scale are observed where the 
Beardmore Glacier forces its way into the Ross Barrier. From a point on the slopes 
or summit of Mount Hope, the ^cier can be seen ploughing its way ^ through the more 

* S. MavBoiL, ‘ The Home of the Bliezaid.’ 
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stagnant Shelf-Ice on either side for miles. As the ice stream is gradually brought 
to rest and its energy dissipated upon the Barrier^ the zone of chaotic pressure dies 
away in long, more or less concentric, ridges and troughs which gradually flatten out 
until, far in the distance, the Barrier once more appears level to the eye of the observer. 
Actually, observations show that the pressure has effect much farther than the eye 
can see. Similarly, as the Ross Barrier itself — amoving as the result, partly of the accumu- 
lation of snow upon its surface, partly of the thrust of the great glaciers wliioh feed it — 
surges past Ross Island and King Edward’s Land to its dissolution in the Ross Sea, 
once again huge pressure waves are piled up against these obstacles. 


(vi) Obevassbs. 

As pressure waves are the invariable result of pressure, so crevasses are the 
inevitable result of too great tension where glacier ice is passing over an uneven bottom 
or round a curved portion of a glacier wall. The crevasse is a feature which has always 
been the anxious study of the Antarctic explorer, for, with the possible exception of the 
vagaries of sea ice, there is nothing so liable to bring his plans to naught and, at the 
same time, to cause loss of life or injury to limb. That more loss of life has not been 
caused through the agency of the Antarctic crevasse is due partly to the fact that they 
have been taken very seriously and partly to the operation of a factor we may recognise 
as wo please under the title of Providence, Grood Fortune, Fate, or Luck. Certainly, 
this fortunate fact has not been due to absence of crevasses, for, given the same amount 
of ice passing over the same irregularities at the same speed, there will be more crevasses 
on an Antarctic glacier than on a glacier in warmer climate. Low temperatures reduce 
the power of molecular adjustment of ice to tension. 

The causes of the formation of crevasses in the Antarctic glacier do not differ except 
in the degree of their operation from those in other regions. They have been, dealt 
with in sufficient detail in the chapter on the Mechanism of Glacier Motion.” One 
subsidiary cause of fracture which is more of academic than of practical interest is, 
however, sudden change of temperature. Changes of temperature of considerable 
amount take place with startling suddenness in the Antarctic climate, and the effect 
of these upon sea ice is of decided importance and is noted elsewhere. The 
principal example of a similar effect on glacier ice is the fusillade of reports which follows 
the dipping of the sun behind a rock bluff as evening draws on. The sun, which is fairly 
high in the sky, and is therefore exercising considerable power, is suddenly withdrawn 
from operation ; the oMD. breeze from the plateau cbntinueB to trioMe down the 
neighbouring valleys and, within a few seconds, a bombardment of reports and sounde 
like the shivering of glass announces the fracture of the surface ice in the attempt to 
adjust itself to the new temperature conditions. 

The distribution of Antarctic crevasses is exactly what might be expected from 
the cause of their formation, and does not differ at all from that in glaciers and icefields 
in other parts of the world. If ice descends steeply over uneven ground, ice-faUs will 
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result (Plates OLXVII and CLXVIII). If ibe passes over a submerged bar, as at the 
entrance to the Priestley Glacier, a remarkably regular series of cuts will mark the 
exact degree of its adjustability and speed (Plate CLXIX). If ice passes round points 
projecting from the walls of its valleys, radiating crevasses will result. The usual 
crevasses will be found caused by difierential movements within the body of a glacier. 
The only difierence found in the Antarctic glacier is, as already emphasised, that crevasses 
will appear on the slightest pretext, such as passage over the most slightly undulating 
ground (Plates OLXX and CLXXI). The occurrence and distribution of crevasses is 
perfectly normal. It is their life-history, and paarticularly the modidcation they undergo, 
which is most interesting both from the explorer’s and the glaciologist’s point 
of view. 

A crevasse diSers in appearance according as it has resulted from a shear or a 
tension. This is well shown by an examination of the interior of any crevasse which 
has undoubtedly owed its formation to one or the other agency. If the crevasse has 
been formed owing to passage of the ice over an uneven bottom, it tends to have straight 
uniform sides for considerable distances, the chief irregularities in the sides being due 
to great ice pinnacles only partly tom away and sticking up from the bottom of the 
crevasse like huge teeth, or, rather, like the stakes set in the native dead-faUs used to 
trap big game in Central Africa. A similar pinnacle left standing at the face of a clifE 
after the calving of a berg is shown in Plate CLXXIl. If the slope over which the 
ice moves is very steep, this statement requires considerable modification, for, in this 
case, the cracks are usually longitudinal as well as transverse, resulting in the formation 
of seracB. The efEect of a strai^t-sphtting fracture is, however, well seen in the clifl 
face of the end or side wall of almost any Antarctic glacier, the most striking feature 
of which is Tindoubtedly its smoothness and freedom from irregularity. The tendency 
to plane or flattened conohoidal fracture is marked in Antarctic ice and is reflected 
in the contours of crevasses and cUfEs. 

If, however, the crevasse owes its origin, as it so frequently does, to a fracture 
such as that produced by the onthrusb of another glacier, the efEect of the shearing or 
tearing component is frequently well seen in the structure of the crevasse itself, which is 
often discontinuous with bridges of unbroken ice swung across between the intermpted 
elements of the crevasse. A' similar structure is produced on a more marked scale in 
sea ice under the same conditions, and is figured in Plate CCXL in the chapter on 
Past-Ice. 

The efEect of the recemented crevasse in the formation of vertical blue-bands across 
the face of a glacier has already been referred to ia a previous section, but mention 
may here be made of the possibility of the transverse crevasse having a distinct efEect 
as an element iu the horizontal stratification. The fact that the upper and centre 
layers of ice in a Racier move quicker than those at the sides and bottom, will result 
in the gradual turmng of such a crevasse through almost any an^e less than 90 degrees. 
A vertical transverse crevasse may thus end as an ahnost horizontal one with upturned 
edges. Such a crevasse, if filled with blue ice, would appear in the cliS face as a well- 
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defined long thin blue-band, and the possibility that some blue-bands on the faces of 
Antarctic glaciers may have been formed in this way should not be ignored. This 
fact is illustrated in Fig. 90, where five points from top to bottom of such a crevasse 
have been taken along a vertical section in the medial region of the glacier. Fictitious 
values of movement of the ice at these different heights have been taken, and the position 
of the points plotted at the place of formation of the crevasse and at 1, 2, 3, 4 and 6 miles 
down the glacier. If, then, the cliff face of the glacier appears at any point just short 
of the fifth mile, it will be seen that the blue-band at a height between points B4 and E6 
will outcrop on the face as a more or less steeply dipping horizontal stratum. If such 
a crevasse were filled with silt, the band would crop out as a horizontal silt-band, but 
reflection on the conditions actually obtaining in an Antarctic glacier tends to the con- 
clusion that regular silt-bands are not likely to occur as a result of such a process. 



The leugth of life of crevasses will depend in great measure on the speed of move- 
ment of the ice of the glacier in which they are formed. Ab the ice reaches a less uneven 
portion of the bed, the crevasses of the normal ice- fall will close up, and be recemented 
more or less perfectly according to the amount of snow and other extraneous matter 
that has found its way into them during the period through which they have remained 
open. The obliteration of a crevasse will be more or less complete according to the 
same factors, and the evidences of the former occurrence of the wide gap may either 
be entirely wanting, may be a plane of no appreciable width but outlined by a greater 
air-content, or may be an ice-dyke of pure ice or of a mixture of snow and ice. A nottible 
example of such planes of former discontinuity, outlined only by a difference of 
air-content, was observed just below the ice-faUs to the north of the Solitary Kooks on the 
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Fenar Glacier. For some two or tliree miles below tbe falls, tbe ice was seamed witih 
two . or . three sets of such, planes which agreed in general direction with tbe crevasses 
at the ice-falls. As the ice-falls were approached, the cracks commenced to open farther 
and farther, demonstrating without doubt that the series of lines seen further down 
the glacier were the survivals of the gapiug crevasses of the falls. 

It is an interesting fact that ice traversed by such planes does not necessarily tend 
to break along the plane itself. The latter appears often to be a plane of strength 
rather than one of weakness, and the normal conchoidal fracture of the ice will take 
place at any angle to it, as also along it. In some cases the plane may be outlined 
by the inclusion of dust particles also ; but this is uncommon, since the occurrence of 
any quantity of wind-blown dust presupposes usually a sufficient amount of snow in the 
crevasse to cause more than the formation of a simple plane of air-bubbles. 

When grit occurs, the crevasse is usually only imperfectly closed, masses of grit 
and snow being enclosed along its length as irregular blobs of brownish and whitish 
ice. 

An incidental effect of the formation of crevasses in an area characterised by strong 

wind and heavy snowfall is the formation of snow-lids to the crevasses. These 

have been carefully studied by different expeditions, since the safety of a party frequently 

depends upon the strength or otherwise of snow-bridges. Within the experience of the 

writers, crevasses up to 130 paces wide have been observed which have been completely 

bridged. Some diversity of opioion exists as to the exact section of the bridges, and 

it is truly not easfly determined ; but, in some oases which have been carefully examined 

in the present Expedition, the cross-section of crevasse snow-bridges was as shown in 

Fig. 91 Such a crevasse.lid has two marked areas of weakness as a bridge for a sledge 

party, one at each side of the crevasse. 

The dangeroiiB area is, however, that at 

the side nearest to the direction from 

^ which the prevailing strong winds blow. 

, * Here the snow-lid tapers out to a fine 

f. ' point, and it is at this pomt that the lid 

' is most likely to give way. It is a 

pomt of . general interest that, as a rule, 

^ ^ crevasses over 15 to 20 feet broad are 

usually bridged quite safely for the 

transit of any sledge party not striking 

them very obliquely. Those most likely 

to cause some trouble are crevasses between 4 and 20 feet broad. The lids 

formed over such crevasses are likely to he strong enough to bear the weight of 

the number of men who will be on them at the same time if they are being crossed 

at right angles. If, however, their direction is not obvious, it only requires a slightly 

* Orevafise lids Ixavo also haen. Bean 'wMgIl owed theii foixnation to tlia oul^owtli of a ooruico from 
the ^nndwaird wall of the oievasse. ' 
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oblique angle to render them distinctly unsafe. Plate OLXXIII is a pliotograph. oi 
a section tlirougb crevasses that are almost entirely snow-filled, the filling taking place 
probably by the subsidence of a series of snow-bridges. 

When first formed, the edges of a crevasse are sharp and their walls are clean and 
usually sheer. . This state of things does not last, however. The tondoncy is for 
the air in a crevasse to be kept at a different temperature and to have a different 
vapour-content from that above. There is constant circulation due to the convection 
which may be set up in this way, if the temperature conditions are favourable. Both in 
winter, when the air of a crevasse is often, or usually, of higher temperature than that 
above it, and in summer when constant changes of temperature and sunlight cause 
an exaggeration of the action, the formation of snow crystals on the walls and on the 
under side and Avithin the lids of crevasses is continuous. Multitudes of those crystals 
are shaken down into the crevasse to form part of the accumulation of snow and icc 
always tending to fill it up, but, os all explorers who have fallen down a crevasse will 
readily admit, masses remain to festoon the upper portion of the sides and the lid. Tlie 
types of crystal produced, their habit of growt-h and their structure are dealt with in 
another chapter.* They are mentioned here as being a feature in the life-history of the 
normal glacier, and as having a distinct bearing upon the way crevasses are filled up and 
obliterated even in stagnant ice-falls. 

The normal ice-fall in a slowly moving ice-sheet does not show clear-cut gashes 
going down towards the bottom of the glacier. The usual appearance of such 
a faU is a mass of rather rounded tumbled aeracs, with their original clear-cub 
faces profoundly modified by ablation, drift-chiselling and thaw, and with their 
lower portions filled with a heterogeneous mixture of ice-blocks, pieces of snow 
fallen from the lids, masses of crystals shaken from the walls, and, often, in favourable 
situations, of wind-borne gravel and dust and of fragments weathered from the rook 
walls on either side. 

Similarly, the greater and more regular gashes in a glacuor caused by passage 
over a rook-bar or by the surging of the ice past a rook promontory or island, 
if not quickly closed as they are in a glacier moving at a fair speed, arc 
soon modified by the same processes. Typical examples of altered crevasses on 
the Priestley Glacier are shown in Plates CXXVII and CLXXIV. Here the thaw 
is relatively intense, and many of the crevasses have become the beds of thaw- 
strums so that their bottoms are often covered with water-strewn gravel. The 
edges of their walls are rounded by ablation and by thaw, and are grooved where 
little trickles of water have run over them to join the larger rivulets below. Very 
few holes continue for a greater depth than 10 or 20 feet, and many d'-devant crevasses 
have now been widened until they have assumed a typical, though somewhat 
elongated, tam-basin form. 

Finally, some mention should he made of the breooiating effect of great ice-falls 
on the glacier stractuie immediately bdow them. A section of such a glacier will 

• Chapter II. 
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sh-ow a most confused ice structuie, wHcIl is evidenced by the persistence of the 
visible stratificatioii in the individual blocks. Such a structure may continue to 
be recognisable for a mile or more down the glacier,* and this is but another 
example of that most characteristic feature of the cold climate glacier — ^the 
persistence of original structures, owing to the absence of thaw-water to bring about 
drastic modifications. 

(vii) ShbaR'-Craoks. 

Before finally leaving the subject of structures caused by the stresses due to glacier 
movement, one particular type of crevasse seems to merit consideration by itself. One 
result of difierential movement, whether within a glacier or between two glaciers, is 
the shearing apart of the masses of ice moving at sufficiently different speeds and the 
formation of shear-cracks which, in the latter case, are often so broad as to assume 
the appearance of inlets of the sea. In the case of shear within a glacier, the tendency is 
for the crack to remain small, since the pressure of the ice pent up between rook walls is 
too great to permit any swinging apart. 

Such little shear-cracks up and down a glacier have several times been observed, 
while their former presence is often indicated by the occurrence of planes marked by 
air-bubbles which are not likely to have been produced in any other way. On the 
Priestley-Campbell Confluent-Ice, just beyond the point of outflow of the Priestley 
Glacier, such shear-planes were much in evidence, but imfortunately they do not show 
up well m the photographs which were taken to illustrate them. 

When the shear has taken place through the driving action of a great ico mass 
moving with considerable speed through a more stagnant sheet, or through the differential 
movement of bwo great ice-sheets moving outwards over the Continental Shelf in water 
deep enough to float their seaward terminations, the most striking cases of these shear- 
cracks occur. Such, for example, are Belief Inlet and the great crevasse encountered 
further to the north of the DrygaJsld Ice-Tongue by the Northern Party of the present 
Expedition. (Map XIV.) 

Such, also, in all probability, are the great crevasses reported by Amundsen as 
running back into the Boss Barrier at Eramheim. (Map II.) 

In the first case, we have the DrygalsH Ice-Tongue shearing its way past the more 
stagnant ice of the Campbell-Priestley Coiifl.uen*t-Ice, which, whatever may have been the 
case in the past, certainly no longer taps the Continental-Ice to any extent. The end 
of the tongue, moving freely on the surface of the Boss Sea, permits the growth of the 
shear-cracks to a considerahle width. 

Belief Inlet itself was some half a mile wide near its mouth in 1913, when it was 
crossed by the Northern Party within a short distance of its seaward end. No snow- 
bridge could be expected to span the broad space between its low diffs, but its place 
was efficiently taken by thick sea ice. The lesser shear-crack to the north, though 
130 yards broad at the place where the party crossed it, was intermittently covered 
with thick snow-bridges, but its course could be traced as far as the eye could reach, 

* As in the SnesB Gl-laoiei entering the Taylor Dry Valley. 
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partly by the difioreut shades on the snow-bridges and partly by the intervening openings 
It was at least 4 or 5 miles long, and, in all probability, continued much farther back 
than wo could see. 

It is unfortunate that no very clear idea of the BVamheim shear-cracks can be 
gleaned from Amundsen’s popular account of his Expedition.* It is, however, fairly 
clear that the i>robable cause of these marked planes of weakness in the Boss Barrier 
ice, is the junction line between the Barrier and the more slowly moving ice of King 
Edward VII Land, 

ludoGil, it seems in the highest degree probable that the persistence of the Bay 
of Whales for several seasons in the same identical shape, may be due to the occurrence 
of this junction line, with its attendant planes of weakness, between land-borne and 
sea-borne ice of different derivation. The Barrier at this place appears to have broken 
back according to a definite plan, and it is likely that the occurrence and the direction 
of the slioar-cracks have been deciding factors. 

(viii) Eorm or Glaoibe Snout and WaiiL. 

^J'lio radiation, gully which is characteristic of Antarctic glaciers is dealt with in the 
chapter on “Ablation and Thaw.”t Its physiograpMcal significance will no doubt 
be discussed fully in the PhysiograpMcal Memoirs of the Expedition. Some discussion 
is nccsessary, however, of the typical contour of both sides and termination of the majority 
of Antiirotic glaciers — ^the vertical cliffs wMcli are their most picturesque feature, and 
which appear to be largely confined to the glaciers of polar regions, and to be developed 
to their greatest extent in the great ice-formations wMch are confined to the 

Antarc.tic. 

T'ho ( Jiaractoristic vertical side-cliff of the Antarctic valley glacier is due to "the 
predojuiuant effect of radiant heat on the walls of the glacier over that of thaw-water 
on its Burftuie. What little water there is, is not sufacient to outvie the thawing effect 
of the heab-waves from the steep rock cUffs, wMle the concentration of the streams in 
the radiation gully itself often tends to undercut the glacier cliff and keep it more nearly 

vertical than it otherwise would be. j* •• • j tje 

The second factor wMoh leads to the formation and preservation of the side-cM 

of the normal glacier is the scarcity, or absence, of lateral moraine. Where moxame 
occurs in largo quantity, the ice-cliff is much rounded, or may be absent altogether, 
as ill the photograph of Comer* Glacier shown in Plate CLXXVI. A striki^ i^tanoe 
of the effect of oven a few rocks as a strictly lateral moraine is afforded by the face 
of the Glacier on the south side of the outer SoHtary Book on the Feirar Glamer. Here 

the rocks arc comparatively scarce, yet they have been al^ to lo^r ® 

portion of the glader on which they he 6 feet ox more. The height of the lateral face 
of the glacier is thus reduced by this amount, the moraine lying on a lower terrace and 

♦ BosJd Amimdaen, * The South Pol©.* 
f Chapter VUE. 
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bounded on tbe side nearest the main glacier by a steeply-curved little clifE some 6 feet 
high. 

A similar obliteration of the radiation gully and cliff may be brought about by an 
accumulation of snow (in which case its former presence can sometinies bo recognised 
by variations in the stratidcation of the ice exposed in the terminal cliff), or by the absence 
of well-defined rock waUs, in which case radiation does not act so powerfully. 

In the wall-sided glacier, the tendency is for the walls of the glacier to remain 
vertical if movement is taking place to any great exbent, or even where movement is 
very slight. Examples of vertical and curved sides to waU-sided glaciers are given 
in Plates OXIV and CXV. 

In the first example, the overhang of the glacier is steep and the verticality of tlio 
sides is kept by the frequent fall of avalanches usually separating along vertical planes. 
In the other case, the slope is more gradual and the example is taken from a situation 
where the power of the sun is more effective than is usual in South Victoria Laud. Much 
of the verticality of the walls of small glaciers which are practically without 
movement is due to the greater content of silt in their lower layers. Badiation 
from the sun and sky tend to mdt back these lower layers quicker than the 
with the result that overhang takes place and is from time to timo 
adjusted by avalanche. This undermining along siltbands is most marked during 
the Antarctic summer, and it should be placed on record that no cases have been 
observed in the Antarctic by the present writers, of overlap due to the quicker 
movement and consequent jutting forward of the upper layers of glaciers. This 
has been found by Chamberlin in Greenland glaciers, and its absence in this portion of 
the Antarctic may possibly be due to the fact that all rapidly-advancing glaciers 
examined by the British Expeditions have their termination in a free floabing tongue 
in the sea. 

The very natxne of the Antarctic glacierisation prevents evidence being obtained 
from examination of the terminal oHffs of swiftly advancing glaciers, to support 
any theory of movement by overthrust within the mass of the glacier. As with the case 
of moraine material, conclusions against the truth of this conception oamiot be deduced 
from the lack of evidence in its favour. The natural home of the end of a vigorous 
Antarctic glacier is the sea, where it advances freely over a frictionless plane in response 
to the stimulus of accumulation along its length and on its gathering ground. It is 
the sea also which determines the angle of the terminal face of such Antarctic glaciers 
as do not push their way into a greater ice-sheet. 

Little hanging glaciers will have vertical or sloping faces according to circumstances, 
as they have vertical or curved side-walls. The vast majority of the greater glaciers 
of South Victoria Land end as steep clifis which have their lower portion bathed by 
the sea in summer and ground by the edge of the sea ice in winter. Erom time to time, 
bergs separate, also with vertical sides, and the result of all this action — and in particular 
of the undermimng work of the sea — ^is a uniform vertical cliff of ice sometimes 
hundreds of miles in length (Plate OLXXVm). Where, exceptionally, a glacier ends 
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short of sea-level, its snout is sometimes rounded under the influence of thaw water 
coursing down its sides and dust or rock d&yris deposited on its surface, but these 
cases are so infrequent that they scarcely demand detailed notice. 

SUMMABY OF DiFFEBENCKS BETWEEN AnTABOTIC AND OTHEB QlACIEBS. 

A scrutiny of the material set forth in this chapter will make evident certain 
features in which Antarctic glaciers and ice-sheets differ from those of otlier regions 
which are of similar form and disposed upon rock-bases of similar contour. 

In the Antarctic, moraine is less common ; siltbands also are less frequent ; 
stratification is more marked and the conservation of all original ice and snow structures 
is a feature which is perhaps more impressive than any other. All these typically 
Antarctic features may be coiTelated with a climatic difference which seems to be the 
deciding factor. The Antarctic winter is comparable with that of frigid continental 
regions about the North Pole ; the Antarctic summer is unique and is the direct or 
ultimate cause of most of the phenomena mentioned above. 

The absence of any great extent of surface moraine is undoubtedly caused by (1) the 
comparative scarcity of exposed rock, (ii) the small speed and therefore slight lateral 
erosive power of Antarctic glaciers, (iii) the tendency of scattered surface moraine to 
become englacial. The absence of visible ground moraine or terminal moraine can bo 
directly correlated with the degree of glacierisation and shape of the continent, and is 
comparable only with the corresponding countries around the North Pole {e,g. Greenland), 
where a similar, if less intense degree of glacierisation is met with. The ultimate cause 
of both is the absence of a warm summer. The absence of thaw water, again, con- 
siderably reduces the speed of movement of glaciers as compared with sister ice- 
formations of similar size and slope in warmer climates. This must have a distinct 
effect in reducing the accumulation of moraine of all descriptions and there sccnis 
little doubt that, size for size and slope for slope, the present Antarctic glaciers are 
much more inefficient than equivalent formations in the north polar, or in more 
temperate latitudes. 

Bound up with the small proportion of moraine on, and in, large Antarctic glaciers, 
is a similar small content of silt, and this, in its turn, much tends to reduce the effect 
of such summer heat as is experienced in high southern latitudes. Perhaps, however, this 
effect is more apparent than real, for one marked difference, also to be correlated witli 
the absence of a well-defined “ thaw ’’ season in the Antarctic, is the survival, more or 
leas in place, of much of the silt that lies on the surface of an Antarctic gjacier. There is 
usually no great amount of running water to wash away the silt that has weathered out 
at the surface during the summer. The dust in turn sinks under the influence of the 
sun and is exposed by ablation during cold spells. If circumstances are particularly 
favourable, the same silt may lie on a glacier, or sufficiently near to the surface to exercise 
a thawing effect, throughout an entire season,* In any warmer climate, the dust would 

* ObBervation. sbowB that small patebea of silt do not sink more than 12 indies into the 
ice. Their downward progress is stopped at this depth owing to the low altitude of the sun in 
these latitudes. 
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Undoubtedly be swept ofi by surface tbaw water and carried into tbe body of tbe glacier 
or down its valley by streams. Anotber effect of scarcity of running water in tbe 
Anbarctic is seen in tbe persistence of fossil ice-slabB for long periods. There occur 
instances of stagnant masses of ice> such as that lying under tbe lateral moraine of tbe 
KoettUtz Glacierj which, ovring to the veneer of rock material which covers them, show 
little sign of diminution from year to year. It is interesting to speculate, in such 
situatioDS as Boss Island where many rock-dad slopes exist, bow much of tbe rock is 
tbe surface mantle of weathered lava and bow much is simply surface or englacial 
moraine resting on such ice-relics. 

Apart from tbe question of rock and silt, stratibcation — and particularly stratifica- 
tion in tbe lower portion of a glacier where it is less likely to be tbe immediate product 
of tbe processes of tbe present day — ^must be most pronounced where tbe summer 
temperature is not high. This is perhaps tbe most striking of all tbe peculiar features 
of Antarctic land-ice. It appears to be even more characteristic of Antarctic than oE 
Arctic ice-sheets, though, as might be expected, the glaciers of Greenland show stratifi- 
cation to a greater extent than those of more southerly latitudes in the northern hemi- 
sphere. This is the direct result of one of the most interesting points about the Antarctic 
climate, that is, the comparative rigour of the summer months even at sea-level. The 
summer temperature of the southern continent only exceptionally rises above the freezing- 
point of fresh water. That most active of aU denuding agents as regards effect upon 
ice — rrunning water — ^is practically unknown for more than a few weeks in the year, even 
in the most favourable circumstances. Many of the greatest Antarctic ice-sheets, such 
as the Boss Barrier, are not affected by running water at all, except at their borders, and, 
even here, its action is extremely local. 

Within the body of the normal glacier, water plays a completely subordinate part, 
its only result being the formation of the larger of the local bluebanda which have been 
described. The great majority of the changes which go on during the life history of 
the Antarctic land-ice formation are brought about by molecular movements. Tliey 
are essentially molecular changes operating in the most frigid conditions and therefore 
at a m i nimum rate. The preservation of stratification, long after its inception anti 
throughout a considerable modiffcation of grain is pre-eminently an Antarctic character- 
istic. In some degree, this is of ijse as rendering possible more detailed elucidation of 
the way in which nAv6 grows from snow and ice from n6v6. The initial changes — -usually 
uncomplicated by the presence of water — ^may be seen in any snow-drift in the summer. 
The subsequent growth of the grams at later stages in the life-history of the ice 
can be demonstrated by etching, either by means of ablation or of exposure to 
the air at temperatures just above freezing-point. The absence of water is in 
inony cases absolutely certain, so that the formation and growth of Antarctic 
ice must be considered entirely apart from this factor. In all other countries, water 
plays a more important and, indeed, usually a dominant part, resulting in the 

formation of ice of much larger grain and mth less air-content than is usual in the 
Antarctic. 
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While the uniformly frigid cl ima te is undoubtedly the principal cause of the 
conservation of original and also of superimposed structures (such as ice-dykesj planes 
of air-bubbles, etc.) in glacier ice, one other factor should not be forgotten. This is 
the St mill even gradient of the majority of the greater Antarctic ice-foinnationa. The 
greatest of the Antiirctic valley glaciers descends some 9000 feet it is true, but does so 
only ill 120 miles. Such a gradient can only be steep in parts, and there is possibly 
less tendency to breccia tion and the formation of seracs in the Beardmore and other 
Antarctic outflows from the Continental-Ice than in the normally steeper and shorter 
glaciers of other regions.* If this is the case with the great “ outlet ” glaciers, how 
much more is this so in the gigantic ice-formations such as the Shelf-Ioe, Piedmont-Ice, 
Ice-Tongues, etc. In all these examples, while a certain proportion of the material of 
the ice-shcetfl comes from the true glaciers pouring into them, a great quantity of ice 
is formed from the precipitation on the ice-sheets themselves. In the case of Shelf-Ice 
and I?iedniont-Tce it is the rule that they owe the major portion of their to local 
precipitation. Tn tliesc cases and in that of the Continental-Ice and many Bjghland- 
Ice slicets, the gradient is often exceedingly small. The ice moves steadily outwards 
under the Htiiiiulus of its own weight. There is little crevasaing : no brecoiation. When 
the i(‘-o arrives iii due time at the terminal clifE, the original stratification — due in the 
main to the layering of the seasonal snowfall and snow-drifts — is unchanged. The only 
alteration is in a gradual gro^vth of the grains of the ice of all layers in size, and the 
concentration of the air content into bubbles usually enclosed within the individual 
grains, instead of scattered as a film between the grains as in the onginal snow. This 
is true for all of th(5 many great ice-sheets where the horizontal portion, advancing over 
a featureless plain, or over the surface of the sea, is also the main gathering ground. 
Where gradients are steep and the ice broken up during its passage from top to bottom 
of a glacier valley, the original stratification may be obscured or obliterated without 
tlie intervention of water. 

Pressure and crevasses are due ultimately not to climate hut to contour of valley 
or bed. Where ice passes over uneven ground, rupture is certain to take place. Where 
constriction or obstruction takes place, whatever the cause and whatever the climate, 
there will pressure be set up and, in ice, excessive differential pressure will result in 
fracture more or less chaotic. The only ger^eralisation that can be made is that, given 
similar masses of ice passing over similar slopes at similar speed, orevassing will be 
more likely to occur in the Antarctic than in wairmer climates. Similarly, and this 
follows from the arguments already used in reference to stratification, once crevassing 
has taken place, the signs of it will persist longer in the colder area. Water will obliterate 

traces of crevasses, as of all other structures, in ice. 

The radiation gully is a typically Antarctic feature, though sometimes observed 
elsewhere. It, again, is a function of the degree of glaoieorisation and of the ohmate. 

* It must, however, be remembered that Antarotio glaoiezs will be more orevaBsed than glaciers -of 
equivalent slopes in other lands with warmer climate. It is the absence of steep slopes which tends to 
counterbalance tnis effect. 
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Less surface moiaine, absence of large Volxunes of tbaw water, and long periods of direct 
snniiglLt upon such, rock slopes as exist, will be tbe ideal conditions for the formation and 
preservation of such a gully. When gales of extreme force are added as a constant 
feature of the weather, the formation of gullies round rock exposures bordered by accu- 
mulated snow-drift will be much more frequent. Wind action throughout the year, and 
the sun’s heat in summer, ensure the existence of a considerable hollow between all 
types of ioe-formation and their rock-walls, or rock islands, except in the most profound 
lee or where the movement of the ice is comparatively swift against or past the rock. 
At the place of inf all of a tributary ; at a constriction of a valley ; where the ice-mass 
is shouldering roimd a nunatak, where moraine is more than normally prevalent, the 
radiation gully may be absent. Normally, it will be a feature of any rock-bound 
border of an ice-sheet where the rock-waUs overtop the surface of the ice. This is shown 
in many photographs ol Antarctic glaciers and other ice-sheets thus bordered ; it is 
another of the minor differences between the Antarctic glaciers and those of the 
temperate zone. 



CHAPTER VTII. 


ABLATION AND THAW, WITH PARTICULAR REFERENCE TO ANTARCTIC 

GLACIERS. 

In precedhig chapters we have attempted to describe the modihcations which the 
Antarctic snow nndergoes after its deposition, omitting bo far as possible tliose modifi- 
cations which lead to its disappeanuice from the original surface, and to the erosion of 
tlvit surface. At the same time, it must be remembered that changes undergone by tlio 
snow surface are often associated with the change of a greater or Im amount of snow 
or ice into one of the two phases — ^liquid or vapour. 

For instance, it will be noted that, under the hes.ding “ Modifications of Snow 
Surface due to Wind Action,” it was stated that, though sastrugi of depositiou weiro 
not uncommon, the most common forms were tliose caused by erosion. Tims in the 
case of a local blizzard, though the effect may merely be the shifting of a quantity of 
snow from one position to another, still the circumstance that the wind blows downhill 
roughly from the centre of the continent means that the ultimate effect of a number of 
blizzards will be to sliift snow towards the sea, and finally to deposit a certain portion of 
it, either in the sea or on the sea ice. In either case, the sea itself is the ultimate 
repository of the erosion products. 

In the example quoted above, deposition and erosion are working side by side — ^in 
the same place, at the same period of time, and through the same agency — and this dual 
action is typical of many of the processes which cause modification of Antarctic snow 
and ice surfaces. It will thus be seen that it is impossible to draw a luird and fast line 
between the processes of modification and of elusion of any particular surface. 

In preceding chapters the changes— water vapour to snow, snow to nev6, and u6v6 
to ice — ^have been treated in turn, togetlier with the alternative change — ^water to ice — 
and from the evidence it should be clear that ice is the stable form of the compound 
HjO on the Antarctic Continent. We can, in fact, visualise the operation as a complete 
cycle. The snow deposited on the plateau changes to n6v4 and to ice ; under the influence 
of gravity it flows slowly down to lower and warmer levels ; here, the greater heat 
and the action of the sea causes the ice and n6v6 to assume the liquid or the vapour 
phase. Meanwhile the supply of snow on the plateau is replenislied by the deposition 
of water vapour. The velocity of change from phase to phase in this cycle must 
remain unchanged so long as climatic and geographical conditions do not alter. Until 
temperature conditions become more genial, and there is a consequent acceleration of 
this velocity of change, the preponderating amount of H 2 O on the continent must exist, 
as at present, in the form of ice. 


266 



It is assmxi&d that the fiist three great changes in the cycle ** water vapour — snow 
— ^n6v6 — ^ice — water or water vapour ” have already tSiken place, and, in the present 
chapter, the modifications which the solid form (snow, n6v6 or ice) undergoes in its 
change to Uquid and vapour, together with the causes of these modifications, will alone 
be treated. 

The agencies which give rise to these latter changes of phase, and the ice-forms which 
they produce, may be treated under two divisions : — (1) Ablation, and (2) Thaw. Under 
the heading “ Ablation will be considered all changes, however caused, which lead 
to the formation of water vapour directly from ice by sublimation processes. First, 
therefore, will be treated all those erosional effects of wind, temperature, radiation, 
exposure, etc., which lead to the removal of ice in the form of vapour. As a sub-division 
of this section, the mechanical effects of the snow and rock drift carried by the trinds 
will also be discussed. The section dealing with “ Thaw,’’ on the other hand, will deal 
with changes leading to the formation of water from ice or snow. 


Ablation. 

Since ablation is here considered to include all changes leading to the formation of 
vapour directly from ice, it is obvious that the causes to which these variations in 
ablation are due will be those which modify the vapour pressure at the surface of the ice. 
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Fig. 92. 

Vapour pressure depends on temperature (Table XXIV of Appendix). From this 
Table it will be noted that the vapour pressure at — 40° F. is only one-fiftieth that at 
0° F. Moreover, the temperature coefiEicient of vapour pressure not being constant, 
but varymg with the temperature, the absolute magnitude of the ablation will not 
be a linear function of this temperature, but will increase progressively as the tempera- 
ture is raised. The temperatures we have to consider in this section will always be 
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below freezing-point, since temperatures above freezing-point will cause thaw, not 
ablation. We have unfortunately no absolute data on the amount of variation of 
ablation with temperature alone, but certain information can be obtained from an 
analysis of the results of experimenta carried out by the Swedish Antarctic Expedition 
1 901-4, shown in Table VIII. This shows that the number of millimetres of ice 
evaporated in each month from an ice surface shaded from the sun is dependent on 
the mean monthly temperature, and roughly follows the changes in the observed 
vapour pressure. The figures in Table VIII are plotted in Fig. 92 the better to exhibit 
this relation. 

These values of the ablation are independent of direct radiation from the sun and 
also, since, with the exception of March, the wind velocity was very constant, they are 
approximately independent of the effect of the wind. The figures are, however, dependent 
on the variations in percentage humidity, though, fortunately, these variations are 
also of such small amount that the curves obtained are well calculated to exhibit the 
variation in the amoimt of ablation caused by temperature alone. 


Table VIII. 


Dnto. 

Vapour PrcsH 
(observed). 

Air 

Tomporaturo. 

Humidity. 

Wind 

Velocity, 

Evaporation. 

1902— 

Deooinhor 

mms. 

“C. 

Per cent. 

mctios/Boc. 

mms. in shado. 

2-9 

- 2-01 

73 

4-39 

1-33 

1903— 

.TanuaTy 

3G 

- 0-87 

80 

6 -06 

0*98 

February 

2-7 

— 8*t)6 

76 

7-48 

0*84 

March 

1-5 

-11«42 

76 

13-66 

0*61 

April 

1-2 

,-U-24 

69 

8*44 

0*40 

May 

0-9 

-19-30 

63 

6-48 

0*23 

Juno 

0-6 

-21-32 

C3 

6*24 

0*14 

July 

11 

-17-27 

68 

8*42 

0*36 


l-.l 

-16-84 

61 

8-98 

0*64 

September 

1-1 

-17-04 

77 

7*66 

0*44 

October 

2-2 

- 6-36 

73 

6*61 

M6 

November 

2-2 

— 1-30 

73 

6*10 

2*34 


It will be seen from Table VIII that the total amount of ablation in the shade during 
the course of a year was only 9.47 mm. and that, of this amount, 77 par cent, took place 
in the six summer months, the mean temperature during these months being — 4-6° C. 
as opposed to — 17-6® 0. in the six winter months. 

Definite evidence of the effect of the temperature on the amount of ablation is 
furnished by our stray observations during the summer. It has been noticed, for 
instance, that, on the return from summer hedging, certain lakes which had no stream 
inlet, and which, therefore, during our absence, could have allowed ho thaw water to 
escape, had lost 3 or 4 inches from their upper surface whilst we were away, whereas, 
during the remainder of the year, only an inch or so had been removed. 
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There can be little doubt that a conaiderable pCrtion of the greatly increased loss 
during the summer months is due to direct radiation from the sun after his return and 
some of this loss must take place by evaporation from the liquid phase. Stakes imbedded 
in the lake surface before our departure, in order to obtain a more accurate measurement 
of the amount of this ablation, invariably met an unfortunate fate. The higher 
temperature brought about bjr re-iadiation from the wood caused the ice in which 
they stood to be removed, either by melting or by increased evaporation, with the 
result that the measuring stake soon assumed a horizontal position.* 

It must be remembered that the amount of ablation at any temperature depends 
not only on the absolute temperature of the air, but also on its relative humidity, since 
this controls the capacity of the aic to take up vapour. Such data as we have on the 
subject, however, lead us to conclude that the percentage huroidity of the atmosphere 
does not vary greatly during the course of the year. This is well shown in Table VIII, 
in which Nordenskj old’s results display remarkable uniformity. Little variation was 
also apparent in the observations at Framheim mode by Amundsen. 

It must not be forgotten that the temperature of the ice itself is also of importance. 
The latter need not be at the same temperature as the arc — ^indeed, usually, thanks 
to the effect of radiation and of other factors of less importance, it is different. It 
would seem, in fact, as if one factor controlling the ablation must be the difference between 
the saturation vapour pressure of the ice at its own temperature, and the vapour pressixre 
existing in the air above.! ^ certain that the difference in temperature 

betweeu the air and the ice has a most decided effect on the amount of the latter removed 
as vapour, and that the greatest ablation will be when the temperature is highest and 
the vapour pressure difference between the ice and the air is greatest. 

Radiation moM the Sun. 

The chief factors consistently acting towards the production of a difference of 
temperature between the ice and the air are radiation, reflection, absorption and con- 
ductivity of the surface, and it is with the combined effect of these four that we have 
now to deal. The air is little heated by the passage through it of direct radiation and 
the temperature of the ice surface is raised relatively to that of the atmosphere by : — 

(1) A greater radiation from the sun, 

(2) A smaller amount of reflection from the surface of the ice or snow. 

(3) A greater coefiflcient of absorption of the radiation in the ice. 

(4) A lower heat conductivity in the ice or snow. 

• Measuiementfl made by us at Cape Evans during tbe winter, though very inexact, showed that the 
surface of Skua Dake was lowered at an average rate of 2 T»Tn. pei month. 

t Compare the formula of Weilenmann and Stelling derived for evaporation from, water surfaces. 
(Hann, Lehrhuch der Meteorologie, 3rd edition, p. 214.) 

E =a'(c6 + Jew) {j), — pg) 
where c and Je are constants, 
h the barometric height, 
w the wind velocity, 

p, aind p the saturation vapour pressures at water surface and in the free air above the 
surface. 
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The first factor is greatest in the middle of summer, when the temperature is high. 
Reflectivity also is least in summer when the sun is highest, for at that time the amount 
of radiation entering the ice without reflection is greatest. The third factor must 
depend to a considerable extent on the internal structure of the ice : for example, on 
the amount of included air, and more particularly on the amount of dust, silt, etc., 
which are contained in the ice, and which have a high intrinsic coefficient of absorption. 
The fourth is also of prime importance, and depends notably on the density of the snow 
covering over the ice (see Appendix, p. 473). 

The relative importance of these different factors in promoting ablation in the 
Antarctic is difficult to estimate. 

Evidence that the effect due to radiation is not small is afforded by the results 
shown in Table IX which displays the difference between the amoiuit of the 



Ifig. OH. 


ablation from an ice surface contained in a metal dish placed in the sun, and that from 
a similar ice surface kept in the shade and therefore shielded from a considerable portion 
of the sun’s radiation. In this table, which contains the data eoUected by Nordenskjold 
in 1902-3, the number of hours sunshine is also put down, so that the difference in 
ablation may be eonsidered in direct relation with the number of hours during which 
radiation from the sun was effective. 

In Eig. 93, these two quantities are plotted so as to exhibit the relation between 
them in a graphic manner. It will be apparent how closely they follow one another. 
The relative positions of the curves also make it dear that the agreement would be stiU 
closer if due account were taken of the increased intensity of radiation during 
summer. 

That the effect on ablation of the amount of reflection from the surface is not 
negligible is hardly to be doubted, but, as this second factor is dependent not only 
upon the exposure of the surface but also on the altitude of the sun, the result of its 
action is usually completely masked. ‘ 
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Table IX. 


Date. 

DLSerence in 
evaporation. 

Vapour 

preasuie. 

Temperature. 

Sunshine. 

- 

uims. auu-sbade. 

mms. 

° 0 . 

Hours. 

1902— 




147-60 

. 

Deoeuibei ... 

1-60 

2*9 

— 2-01 

1903— 



- 0-87 

89-96 

January 

0-92 

3*6 

Bebiuary 

1*07 

2-7 

— 3"66 

96*05 

Maroli 

0*29 

1*6 

-11-42 

44-60 

AprU 

May 

0*18 

1*2 

-14-24 

67-30 

0-06 

0-9 

-19-39 

37-40 

June 

0-06 

0*6 

-21 -32 

14-06 

July 

0-10 

1-1 

-17-27 

30-20 

August 

0-17 

1*1 

-16-84 

68-75 

Soptembor... 

0-33 

M 

-17-04 

72-80 

October 

1-26 

2-2 

— 6-36 

119-70 


The amount of radiation received per square centimetre on a horizontal surface and, 
therefore, the amount avaiLable for heatiug that surface is sin 4, where 8 is the radiation 
received on a surface placed perpendicular to the sun’s rays, and A is the altitude of 
the sun. If the surface is not level, the value otAis measured between the surface of 
the ice and the direction of the sun’s rays. The ablation efEeot is therefore greatest 
when the surface is normal to the sun’s rays. 

Since also the amount of radiation reaching the earth’s surface is greatest when 
its path through the atmosphere is least, the maximum ablation efEect will be on a 
surface facing north, and standing perpendicular to the sun’s rays when he has reached 
his "maximum altitude in summer. This maximum altitude is about 28 degrees in the 
latitude of the Beardmore Glacier, on the Ferrar Glacier it is 35 degrees, while of course 
it reaches 00 degrees in tropical regions. 

We should thus expect to find that, in tropical regions, the greatest ablation occurs 
on level surfaces, while, on the Ferrar Glacier, the surface of greatest ablation should 
slope from the north at an angle of about 65 degrees to the horizontal. We have here, 
therefore, a factor in ablation which is able to weather Antarctic ice surfaces in forms 
which may be quite difEerent to those found in tropical or temperate latitudes. 

We cannot state that evidence points conclusively to an approximation of ice 
slopes to any definite angle in the Antarctic ; and this is not to be expected, indeed, 
for the sun during the day is constant neither in direction nor in altitude. We can, 
however, state that the amount of weathering on ice slopes facing north is found to be 
considerably greater than that on slopes with a southern exposure — the exceptions 
being cases when radiation phenomena are complicated by the near presence of black rook. 

' A good example of the diSerence between ablation on surfaces facing in these 
two directions is furnished by an observation made in January, 1911, on the lower, 
snow-covered part of the Ferrar Glacier. Hwe, on the upward journey on January ,30, 
the snow had been fairly soft, and the sledge-runners had sunk in to a depth of 
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about 3 inches — ^the groove thus made running approximately east and west. On our 
return 13 days later, we crossed our outward tracks, and it was noted that ablation 
on the southern waU of the depression made by each runner had proceeded to a depth 
of over 2 inches, wlxile on the northern side it had eaten in no more than J inch. On the 
level bottom of the tracks, the packed snow had in this 
interval turned almost completely to ice (Fig. 94). 

Let us now consider the general effect of the siui in 
weathering a glacier ice surface. On this surface there 
will originally exist small inequalities or depressions. These 
may he possibly tlie ripple-marks left by the wind on the oiiginal snow surface, or 
ablation ripples of similar form resulting from the etching action of the wind on the icje 
itself durmg the winter. In these depressions, the sun will act at any time witli greatest 
force on those pai’ts of the ice whose surfaces lie most nearly perpendicular to his rays. 
This action will first become operative on the return of the siui, and will at that time 
take effect chiefly on the more vortical portioiis of the depression, so that the first 
result is a widening of the depression without corresponding deepening. As the middle 
of summer approaches, widening and deepening are both effected, but, tliougli the 
disproportionality between the two becomes less, the deepening effect of the ablation 
is always less than the widening effect, even with the sun at his maximum altitude. 

At midsummer, the ablation effect is greatest, but it continues with lessoning vigour 
until the sun appears for the last time in the autimiii. 

It results from this action of the sun that the surface of all glacnor or pond i(J 0 
is covered in the summer with shallow pits, which are in general from 2 to 4 incjhes deep, 
and up to 1 foot in diameter. 1?he section of the pit varies somewhat, and this vimatioii 
is dependent on the time of observation and on the iutiinsic intensity of the radiation. 
In general, however, the section in a vertical plane is somewhat as in Fig. 05 
(Hate CLXXIX). 

It is no doubt due to the slightness of tho variation in the sun's altitude during 
the 24 hours that, in general, the pits are circular, and that no notable difference in 
appearance is to be seen between their northern and southei’n sides. This form of 
ablation mark was called Thumb-print Ice,'’ since it resembled nothing so much as a 
number of impressions made with a giant thumb in a soft substance such as plasticine. 




77777 / 

Jris. 04. 




Fig. 06. 00. 


It is clear that, if the original depressions lie sufficiently close together, the j)its 
will grow during the summer until they overlap, and they wiU then form a modified 
thumb-print surface in which the edges sharp and very unpleasant underfoot.* 
Such a surface is shown diagrammatioaUy in Fig. 96 and in Plate CLXXX. 

* ‘ SliacMeton Seologioal Memoir/ p. 162 . These pits formed from wind-ripjiles or waves have a 
length of three to seven times their width. 
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Where we have met surfaces of this latter type, the pits have invariably been much 
deeper and narrower than the Thumb-print Ice, and it seems probable that, in such 
oases, the form is caused by the subsequent action, of water on the wind-ablation ripples 
originally formed on the ice during the winter and spring. The actual production 
of similar depressions was well observed by one of the writers on the Ferrar Glacier in 
1908, when ablation ripples were deepened into sharp-crested waves separated by troughs 
2 ox 3 inches deep. The whole change took place in a single thaw period of less than 
48 hours and was in this case mainly due to water action. 

Stid other forms occur on slopes that are not horizontal. Thus, at the end of 
the Taylor Glacier, there occur a number of ohamels some dozens of feet wide, with 
vertical walls 20 feet in height on their southern sides. In summer, small streams 
flow at the bottom of these channels, and these streams carry small quantities of silt. 
Radiation, by the time of our visit, had caused a disarticulation of the ice gi'ains at the 
side of the channels, so that they appeared white by reflected light. Although the general 
slope of their sides approached the vertical, they were covered by February, 1911, with 
small pits, whose mean depth was about 1 inch, and mean width about 2 niches (Fig. 97). 



Ifig. 07. Big. 08. 


The mouths of these pits were approximately oval in vertical section, but the pits 
were not symmetrical. From the shape of the holes, there could be no doubt they had 
been caused by radiation from the sun at maximuin altitude near noon. 

Still stranger, and — ^from a sledging point of view — ^more unpleasant, forms wmro 
met elsewhere, notably on the Koettlitz Glacier, where the fantastic unevenness of the 
glacier surface gives the type of modiflcation depending on the angle of incidence of 
the sun’s rays full scope for its development. This form of ablation mark, to which 
the most polite term applied during sledging was “ Ploughshare-Ice,” is best develop e<l 
on the huge ice bastions of that Racier, on slopes of about 30 degrees facing the north. 
In these places, the general form of the ice shades the northern slope from the sun during 
that half of the 24 hours when the sun is at its lowest. The sun’s altitude, therefore, 
when it is effective in promoting ablation on the northern sides, varies within narrow 
limits, and the ** ploughshares ” are in consequence of very definite shape (Fig. 98 and 
Plates OLXXXI and CLXXXII). 

The depth of the pits was about 8 inches, and the distance from lip to lip was about 
8 inches. The mouths of the pits were from 1 to 3 feet wide, and the tongues or lips were 
quite sharp. The whole pit sipped backward. The ensemble was very unpleasant to 
the traveller, since the only possible positions in which the foot could be set were within 
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the pits themselves, and these pits were at such a distance apart that steps of very uneven 
length had to be made. A somewhat similar effect is experienced when one walks along 
the sleepers of a railway track, these being so arranged that three of them cover the 
space of two paces. 

Of great importance in modifying ablation processes is the actual amount of the 
sun’s radiation which is absorbed by the top layers of the ice. The temperature 
difference between the air and the ice naturally depends largely upon this ; and it is 
the difference between the air temperature and the temperature at the upper surface of 
the ice (not that in its interior) which is so effective in promoting ablation.* It is the 
variation of absorption with depth which is here most important, since it is rise of 
temperature and vapour pressure of the surface which has the greatest result in in- 
creasing ablation. This point is treated later in this chapter. 


Ablation as a Function of The Wind Velooity. 

It has been stated that the amount of ablation depends on the vapour pressure 
just at the surface of the ice (which in its turn is dependent upon the surface 
temperature), as well as on the relative humidity of the air, a factor which defines its 
capacity for taking up moisture. Another factoi: of great importance in promoting 
ablation is wind. 

When we consider that unsaturated air at rest above the ice surface must quicikly 
become saturated in those layers touching the surface, it is quite evident that any 
agent which assists in mixing the lower layers of the atmosphere will also be effective 
in modifying ablation. If we exclude the slow process of diffusion, tliis mixing of tlie 
different layers can take place in one of two ways : — 

(1) By vertical currents caused by the heating and consequent expansion and 

upward movement of the air in contact with the ice, and 

(2) By a wind of sufficient velocity to cause increased turbulence in the lowermost 

strata of the air. 

Of those two factors the first is undoubtedly effective locally, and when it does occui* 
it is assisted by the much greater vapour pressure due to the higher temperature of the 
ice. As the heating of the ice is undoubtedly greatest in the vicinity of silt or rock, it 
is in these places we should expect the effect to be greatest. 

The second factor is, however, of even greater importance in promoting ablation. 
Even with the smoothest ice surfaces, the mixing of the air-layers must be considerable 
for quite small wind velocities, as is clear from the formation of eddy drifts and of ripple- 
mark sastrugi on snow surfaces. Side by side with this increased evaporation in strong 

* The quick ohaugo of snow to ice in a surface drift is dearly associated in oonsiderahle measure with 
high temperature due to the low heat conductivity of such snow-drifts. The same factor will equally 
lead to greater ablation from snow than from ice surfaces. Generally speaking, those conditions which 
lead to aocoloiated growth in mean size of glacier grain are conditions which promote inoroasod ablation. 
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winds occurs tlie purely mechanical* action of the drift it carries, and, in the majority 
of cases, it is extremely difficult to separate the effects of the two. 

Table X. 


Vdooity, miles per day. 

Mean wind 
vdooity. 

000-200 

112 

200-400 

303 

400-600. ... ... ... ... 

4B2 

600-800 

642 


Temperature. 

Average change in 
weight per cmy. 

Ico Burffice 66 aq. oma. 


Giams. 

-24-4 

H-0-067 

-22*9 

— 0-211 

-16-8 

—0*619 

-16-6 

—1-677 


Table X, compiled from the meteorological data available, exhibits very well the 
importance of the r61e played by the wind in ablation processes during the winter. To 
express these results graphically, the loss in weight per day from a surface 56 square 

centimetres in area is 
plotted in Fig. 99 against 
the total number of miles 
of wind registered during 
the period at Cape Evans. 
It will be seen that the 
amount of ablation in- 
creased very much faster 
than the wind velocity. 
In fact, it increased more 
or less in proportion to 
the square of the velocity, 
as is shown in the dotted 
curve, f 

All the observations made 

Uv* 

been used in compiling 

Table X. These have been grouped according to the total air displacement during the 
day, and the mean value of the ablalion has been plotted against the mean air 

* The teno. Dieohanioal aotaou’’ iudLudes the action of drift and foxcign nxattex in hxoaking off 
poisons of the fiurlaoe os well aa that action dne to abaoiption by the anifaoe of the kineitio energy of the 
flying parincles. As pomted out in Ohaptei IV, this abaoiption of energy inoteaaes the number of ** mobile ** 
mcdeoaleB preaent in the ice, and also the nnxnbei of moleculea capable of paaaing the ice boundary into air, 
t It is posaible that the relation bronght out in Fig. 99 may require ali^t modifloation, when tho 
sum of the hourly valuea of the aquaie of the wind vdooity is aubstituted for the square of tho mean daily 

Telocity, i.6. when (7,)*.i8 eubetituted foi where 7, leptesente the 

houriy yelooiiy and Vjss total number of miles in the day. 
f ObseryationB were confined to the winter months. 
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displacement in the full curve. Thus the number 112 miles in the day is the mean 
value of all the observations from 0 to 200 miles, and so on in steps of 200 miles. 

Above 800 miles the observations numbered only three, and were therefore 
neglected. 

The observations here cited were made at Cape Evans during the first winter, 
while the sun was continuously below the horizon, so that direct radiation from the sun 
was here inoperative. The temperature was always low, though by no means constant, 
and the humidity was not measured. It must be remembered that high wind velocity 
is generally associated with high temperatures. 

A study of Table X reveals another point of considerable interest, namely, that 
for low wind velocities the ablation is a negative quantity ; that is to say, under these 
conditions, deposition rather than denudation takes place. This is due to the low 
temperature and excessive radiation from the earth in calm weather, causing deposition 
of crystals on the ice surface. 

From the table it seems clear that the ablation does increase significantly with 
increase of wind velocity and air temperature, but part of this increase may well be 
due to a greater dryness of the strong winds, this dryness being brought about by the 
forced descent of air near the place of observation. 

In fact, the erosional efiect of wind (physical plus mechanical) is large. This is 
borne out by the observations already cited when discussing sastrugi of erosion, and, 
though the facts observed and described relate only to snow surfaces, they are to some 
extent applicable to ice surfaces, and ripple marks have been observed on ice surfaces 
which were clearly due to wind action alone. Certain of the snow surfaces with sastrugi 
of erosion are, in fact, quite comparable in hardness with some ice surfaces,' and it is 
quite common to find snow-drifts compacted to such a degree that it is almost impossible 
to use a spade for digging out the blocks of snow. 

i* 

That the mechanical effects of wind ore at times considerable will be more easily under- 
stood, when it is stated that, in some of the heavy blizzards at Cape Evans and Gape Adaro, 
pebbles weighing about 4 or 5 grams were picked up from the groimd and hurled through 
the air with such velocity as to constitute a menace to the windows of the hut, and to 
break thermometer stems at a height of 8 or 4 feet above the ground. At the end of the 
first winter, the sea ice in the lee of Cape Evans was sprinlded for some 300 yards from 
the shore with small pebbles up to 1 centimetre in diameter, which had been blown from 
the Cape. As the velocity during transit of these pebbles was undoubtedly many feet 
a second, it wiU readily be seen that they were capable of doing a considerable amount 
of erosion, though this amount is not comparable with that which is accomplished 
by the constant stream of the much lighter ice crystals which are carried by the wind 
in the form of drift. It is to be expected that by far the greatest amount of this type 
of ablation will take place in positions where the wind is strongest — ^that is, on projec- 
tions above the general level of the surface. 

This is, indeed, the case, for the most striking example of ablation we have met 
in the Antarctic is to be referred maiDly to this cause. The observation in question 
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was made ty tlie Northern Party in the latter portion of the winter and in the early 
spring of 1911, when both sun and temperature were still low, so that temperature efEects 
must have been sm al l and thaw non-existent. On their first sledge journey at the end 
of July, an area seamed with ridges of spiky pressure composed of small pieces of ice 
3 or 4 inches thick gave them considerable trouble, and, in spite of all precautions, 
capsized the sledge several times. The almost complete disappearance of this pressure 
ice brought about by the agency of ablation and drift-chiselling is described in some 

detail on p. 306 of the chapter on Past-Ice. 

More striking, however, in that the cause of the ablation is more definitely marked, 
is an observation also made at Cape Adare, where, during the blizzard lasting from 
May 4—14, many blocks of ice on the icefoot were eroded to the extent of 2 indies on 
the windward side, while only a fraction of an inch had been removed from the leeward 
side. This observation was made possible by the fact that the boulders of ice here 
resting on the icefoot were all covered with a 2-inch layer of frozen spray, which was 
easily distinguished from the underlying mass, owing to its diSerent crystalline 
structure. At this time the temperature was low, and the sun was below the horizon 
for the greater portion of the day, so that, without doubt, the major part of this ablation 
was due to the efEects of the high wind, (Por illustration, see Pig. 136, Chapter IX,) 

It was, in fact, quite common to find ablation most effective on the windward side 
of such boulders, and this was most easily and best seen where the ice contained silt- 
bands, the ablation then being emphasized by the weathering out of the grains of sand 
on the windward side of the blocks. 

These show up after weathering as projecting grains or ridges arranged, in general, 
in beds or lines, while on the lee side of the block^of ice the sand grains do not project 
but are wholly included in the body of the ice (Plates CLXXXIII and CLXXXIV). 

Other striking examples of the amount of ablation due to wind action are furnished 
by the weathering out, during the absence of the sun in the winter months, of the masses 
of alga embedded in some of the lakes at Cape Evans and Cape Royds. At the con- 
clusion of the winter, these pieces of alga stood out above the general level of the lake 
surface as much as 2 inches. 

More convincing still is an example hailing from. Inexpressible Island. Hero, at the 
beginning of the winter, a seal was killed on the icefoot, and as the warm blood flowed 
out it sank into the ice, forming a compact reddish mass. Three months later, this 
mixture stood up a full 2 inches above the general icefoot level. This instance is 
particularly interesting, as the effect of direct radiation from the sun was betrayed 
immediately it became powerful enough, when the dark mass of seal’s blood and ice 
mdted, and once more became level with the ice surface (Pig. Ill, Chapter IX). 

The ablation ripples, which form at times on ice surfaces such as ponds and glacier 
ice, are often evidently a direct result of wind action. These, have exactly the same 
form and size as the similar ripple-mark sastrugi formed on snow surfaces, and they are 
about 1 inch deep and some 2 inches from crest to crest. In the winter they develop 
quite slowly on the surfaces of most of the fresh-water lakes, and. are quite well marked 
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on the return of the sun in the following spring. Hhey develop much more quiclcly 
during the summer months. 

A very good example of these ablation ripples was seen by one of us on the Ferrar 
Glacier in 1908, and described in the ‘ Shacldeton Geological Memoir ’ (p. 92), Here 
ripples in all stages of development were visible at one time, owing to the progrossive 
removal of the snow-drifts on the glacier surface by the agency of the wind. 

Finally, actual comparative measurements on the difference between the loss from 
ice-bloclcs placed in the open, and from similar ones sheltered from the wind, show that 
in the former case the loss in weight is from. 2 to 6 times tliat which takes place from the 
blocks sheltered from the wind. 

The Epeeot of Saxt Inoluded in Ice. 

Comparative observations on the amount of ablation from samples of sea ice and 
similar samples of fresh ice, showed that the ablation from the sea ice was in general 
slightly greater than that from the sample of fresli-water ice, but notable exceptions to 
this are the result of exposure to drift at comparatively liigh temperatures. At 
temperatures which are above the cryohydric temperature of some of the salts in the 
sea ice, the ice becomes wet and sticky, and the snow which impinges against it sticks, 
and may increase the weight of the block considerably. 

The results show that, though this increase to the surface is at times considerable, 
the final result at the end of long periods is almost the same iis for blocks of fresh ice hung 
under similar conditions. From this it seems clear that ablation from the upper surface 
of sea ice should proceed {cet,j)ivr.) at about the same rate as it does from the surface of 
a glacier. Actually, the loss from the sea ice sui’facc will in general be greater than 
that from a surface of fresh ice, owing to the facst that tlie former is heated by con- 
duction from the warm sea below, 

Experiments with salt-water ice are complicated by the draining of the salt from 
the block after it is suspended in the air. This draining ellect should also be considered 
in dealing with the ablation from all naturally raised surfaces of sea ice, whether pressure 
blocks, or areas which are raised above the sea level by tlieir thickness alone. Because 
of this action, in fact, all old raised surfaces of sea ice may be dealt with, as rogtirds 
ablation, to all intents and purposes as if they were made of fresh ice. 

The Effect of Exposuee and Environment. 

From what has been said previously, it will be recognised that tlie amount of ablation 
at any position is largely dependent on the exposure of the ice surface, that is, its height 
above the general level, its slope, its texbure, and especially its position relative to sand 
or rook in the vicinity. 

A concrete example is furnished by a consideration of the grit-laden ice which is to 
be found in many places on Antarctic glaciers. In the presence of sunlight, the silt in 
the ice is warmed by absorption of radiant heat from the sun, and the ice in its vicinity 

a 3 


277 



becomcis heated, both by direct conduction and also by absoiption of the long heat rays 
re-emitted by the dust particles. It is easy to see that, in such cases, the amount of 
heating of the surface layers is dependent on the amount of silt in the upper layers of 
the ice, so that ice contaioing a high percentage of silt will be hotter on the surface, 
and therefore will be more ablated than ice in a similar situation but with a lesser 
percentage of induded dust. 

Definite figures for the magnitude of this efl[ect are, however, not easily given, chiefly 
because silt-bearing layers, where the denudation is due definitdy to ablation and not to 
thaw, have not been studied in comparison with adjacent areas of perfectly clear ice. In 
our experience, in fact, it seems dear that ablation will generally be accompanied by thaw 
wherever the dust particles are sufiGlciently large to have sunk into the ice. Wherever, 
therefore, the particles are as large as, or larger than, sand-grains, the effect of ablation 
will be masked by that of thaw. The single definite example we have noted, where the 
required conditions are fulfilled, was on the north side of the Perrar Glacier, near the 
centre of the Kukri Hflls. Here, three or four long paralld lines of day-coloured ice, 
about 2 inches in width, were observed running parallel to the side of the glacier. On 
February 9 , in 1911 , it was found that the surface of this discoloured ice was depressed 
about 2 inches below that of the contiguous dear ice. Even in this case, we have 
unfortunatdy no evidence as to how long ablation had acted in lowering the surface 
by this amount, but it seems dear that the depression must have occurred since the 
winter. It is thus impossible to give a numerical value for the additionsd ablation 
caused by such indusions, though there can be no doubt that a small amount of silt in 
the ice has a most unportant effect. 

Further examples of the effect of radiation absorbed by rook partides in the mass 
of the ice, are furnished by the horizontal silt bands in the terminal walls of Antarctic 
glaciers. Though the effect is most marked when thaw-water is formed, it is none the 
less dear from observations made where clear and silty ice are contiguous to one another, 
and where the rays of the sun are able to fall upon the ice, that the amount of ablation 
is much greater from the silty ice than where the ice is clear and free from silt. For 
instance, as early as September, 1911 , before any signs of thaw had been seen, it was 
observed by the Northern Party that a spiioMing of dust had fallen from the face of 
the silt bands which cropped out on the face of Warning Glacier, while the ice of some 
of these discoloured bands had been ablated some half -inch deeper than that of the 
clear bands on either side of them. Similar exa^xples are not wanting from the neigh- 
bourhood of Cape Evans, but the effect was less pronounced. 

A similar result is due to the occurrence of isolated rock masses on or in the body 
of the glacier. Hocks and other dark objects absorb almost all of the incident radiation 
from the sun ; in consequence, their temperature is raised sometimes many degrees, and 
they then cause a general warming of the air by convection currents. A much more 
effective result of this local heatmg, however, is the re-emission of radiation in the form 
of rays of greater wave-length than those incident upon it, that is, in the form of heat 
waves* These waves, bemg easily absorbed by the ice, have a very coxusiderable effect 
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in raising its temperature ; and this rise of temperature is accompanied by a corresponding 
increase of vapour pressure. 

The importance of this effect in promoting ablation, like that of many other factors, 
is difficult to estimate. In Victoria Land, at least, the absorption in the middle 
of summer, in the immediate vicinity of the rock, is so strongly marked, and the tem- 
perature of the ice is raised to such an extent, that tliaw sets in and masks the phenomena 
due to true ablation. At some distance away from the exposure of rock on the other 
hand, the effect, though it may still be quite intense, cannot be detected, since there is 
usually no ice unaffected by the radiation to enable comparisons to be made. The 
effect on ice of this re-emitted heat radiation decreases quickly as the distance from a 
small object increases, and will therefore be quite local in character (Plate CLXXXV). 

The order of magnitude of the effect is well seen by the occurrence of what we have 
called radiation goUies at the sides of nearly all the valley glaciers wo have seen in the 
south. Such a lateral gully is particularly well developed on the Perrar Glacier, where 
it flows past the Kukri Hills close to the Cavendish Falls. Here it reaches a depth of 
fully 100 feet. It is shown in section in Fig. 100, which is drawn approximately to 
scale, and shows the slopes on the glacier side of the gully. There is no doubt that 



mg. 100 . 

both thaw and ablation are effective in this place, the effect of the former being 
betrayed by the stream at the bottom of the gully, though the absence of the 
vertical grooving which is invariably seen where water runs down the face of an 
ice-cliff (Plates OLXXXVI and OLXXXVII), seems conclusive evidence that ablation 
is the more elective of the two agencies in removiog the upper portions of the glacier 
ice. Plate CLXXXVHI shows a radiation gully round a nunatak in the Boss Island 
Highland-Ice sheet. The radiation gully at the side of Buckley Island, at the top of 
the Beardmore Glacier, is another example from higher latitudes (86** S.). 

Though the lateral gullies are at times well developed in temperate regions, they 
do not there appear usually to have such steep dopes. This may well be accounted for 
when we consider that in those regions thaw plays a much more important part as an 
agency of denudation ; and, moreover, the amount of rock lying on the glaciers is 
generally much greater than is the case in the Antarctic. Both these factors tend to 
prevent the formation of well-defbaed radiation guUiea, just as they prevent the 
formation of the wall side and wall termination so characteristic of Antarctic glaciers. 

Examples of the truly enormous effect exerted by the presence of rock, in modifying 
the originally uniform surface of a glacier, might be multiplied indefinitely, for this 
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modi&oation occuia, not only by the bank of the glacier, but alflo in the vicinity of any 
moraines, isolated rocks, or even grains of sand, lying on the glacier surface. This 
effect is especially well shown by the huge longitudinal depressions which, on certain 
glaciers, are the only remaining evidences of the former occurrence of scattered surface 
moraines, and also by the sporadic occurrence in these valleys and on the general glacier 
surface, of cryoconite holes similar to those described by Drygalski from the Greenland 
glaciers. 

These phenomena will he treated further, under the following section headed 
Thaw,” since the presence of rocks has often so great a heating effect upon the ice 
that its temperature rises above freezing-point and water is formed. 

Cases have, however, been seen where the presence of rock has notably increased 
the ablation without inducing thaw, and these examples are best seen in the early spring, 
when the temperature is still well below zero Fahrenheit. Thus, on every lake at this 
time, significant depressions may be observed to surround all rooks lying on the surface, 
bits of seaweed frozen into the lake, or stakes put in to mark the ablation from the 
surface. By the end of September, these depressions round the ablation stakes may 
have extended to a distance of Ij inches from the stake, and may be in places as much 
as 2 inches deep. 

Thaw. 

* 

Thaw occurs on a clear surface of ice or snow only locally, and at very infrequent 
intervals, even in the middle of a normal Antarctic summer. In addition, since the 
necessary high temperature can extend only to a very slight depth, it is clear that tlie 
formation of thaw-water occurs near the surface only, the extreme cases being whore 
the presence of silt and boulders embedded in the ice only a short distance below the 
surface may cause a local heating. It is, indeed, the general rule that the lakes in summer 
thaw out first round their edge, leaving in the centre an isolated mass of ice, whicli is 
commonly frozen to the bottom of the lake, the exceptions being the small and shallow 
lakes where melting takes place from the bottom as well as from the sides. During 
the first Western Journey, one lake was found below the Taylor Glacier in Dry Valley, 
the greater portion of which still remained frozen in February, the solid core being 
surrounded on all sides by a strip of water several yards wide. 

Subterranean melting occurs also in the shallow snow-drifts which are formed in 
the lee of small rock prominences, and small streams may be seen at times in summer 
issu in g from the lower portions of these. The thaw-water which forms these rivulets 
is caused by the melting of those parts of the drift in contact, or nearly in contact, with 
the ground ; and this melting may take place to a cousiderable extent while the upper 
portion of the drift remains in the usual form of cold, dry, powdery snow. 

If a series of warm, windless, clear days occurs, however, thaw on a clear ice surface 
may take place, though tiiis favourable conjunction of circumstances is seen but seldom. 
It is certain, indeed, that summers do occur in which large areas free from rock are 
entirely unaffected by thaw, and thaw on the Ross Barrier must be a most infrequent 
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occurrence. When, however, an Antarctic thaw does take place, one is astounded 
by the vasfcness of the effect brought about by an apparently small change in the 
meteorological conditions. 

This is parcioularly striking on a large glacier, such as the Fcrrar. The first effect 
of a thaw which becomes noticeable is a faint sizzling sound coming from the surface, 
as the bubbles of air which have been held under pressure in the ice a.rc melted out 
and escape tlrrough the film of water which covers the glacier. I’he thaw- water formed 
in this way naturally flows along the ablation depressions or ripple-marks and causes 
these to deepen and join up to form channels down which miniature streamlets begin 
to flow. In parts of the glacier where these streamlets originate, the channels are about 
4 inches deep and only a few inches wide, and they may be so numerous that the greater 
portion of the surface of the glacier is bathed in water. On their dowiward way these 
first threads of water join in largo numbers to form wider streams (Mate CLXXXIX). 
These larger surface streams, though at times of considerable widtii, are only a foot or 
two deep ; and this comparative shallowness seeinB to be a cliaracteristki of all thaw 
streams on Antarctic glacier surfaces. 

In the upper reaches of the glacier, these streams have a tendency to flow towards 
the lateral radiation gullies at the sides of the glaciers, particularly towards the uortliern 
side. In these gullies, the sum of all the small streams totals up to quite a large body 
of water, and streams have been observed in them which, when still 20 miles or 
more above the glacier termination, had a width of 200 feet and a miiximiun depth of 
4 or 6 feet, while their stream velocity somotimes reached 0 miles an hour.* 

On any of the few days when thaw is at its maximum, a rough estimate of 
the amount of water issuing from tlie Ferrar or the Koettlitz (31acicr at soa level 
leads xis to believe that the volume of water flowing down over tlio surface is about 
1000 cubic feet per second for each mile of the glacier’s width. 

This is of course quite an exceptional figure, and we have every retisou to believe 
that no other outlet glaciers in the districts wliioh have come under oiu* notice rival 
the output of thaw-water from these peculiarly favoured regions. For instance, in the 
year when the greatest amount of thaw which has yet been seen was recorded from 
the Ferrar Glacier, the Beardmore Glacier was practically free from running water, so 
far as could be seen by a sledge party which traversed it twice from head to foot in 
the height of summer.f No flowing water whatever was seen on the Beardmore Glacier 
in the summer 1911-12. 

One of the most amazing aspects of the occurrence of thaw-water is the extraordinary 
variability in amount which is displayed. There is of course no flow of water from the 
beginning of April until the end of October. It is not until November, in any normal year, 
that any water whatever is to be seen in the lateral gullies where it fiirst makes its 

* Lieutenant Skelton, the engineer of the Discovery/* measured the output of a sin^ stream on 
the Ferrar Q-laoier near Cathedral Eooks. The stream was one of the lesser ones, being 7 feet wide and 
9 inches deep. He oaloulated that 63 tons of water per minute flowed down the glacier in tliis channel 
alone. (R. F. Soott, * Voyage of the ** Discovery’*,* vol. 2, p. 106.) 

t Shackleton, * Heart of the Antaiotio.* 
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appearance, while, by the end of March, the streams are againpermanently frozen, and have 
iiBTially been ice-covered for several weeks before that date. Indeed, if one has happened 
to be travelling on the glacier surface during an unfavourable summer, or only during the 
colder portions of the year, it will be difficult to believe that the glacier holds such potenti- 
alities for thaw as are exhibited on such rare occasions as have just been described. 

That these possibilities are sometimes realised is now certain, and almost every 
sledge journey to the west has brought back records of phenomena which show the 
power of the thaw under favourable weather conditions. The Koettlitz and T’errar 
Glaciers, m particular, have afiorded a peculiarly striking series of examples, both of 
actual thaw in progress and of a great variety of ice-forms which could have been carved 
out in. no other manner. It is from our experience on these two glaciers that most of 
the notes in the present section have been compiled, with occasional reference to glaciers 
in other parts of Victoria Land when these display some aspect of thaw phenomena 
peculiar to themselves, or to a particular region. 

The summer of 1910-11, thou^ possibly not a particularly cold one, was far 
from being an exceptionally favourable season for thaw ; nevertheless, a stream, wMch 
had an output of fully 200 cubic feet a second, was still flowing at the beginning of March 
down the western side of the Koettlitz Glacier. It was, however, through the sculpture 
of the glacier towards its centre that one was best able to judge of the enormous amount 
of water which must have been pouring down the surface of the glacier at some period of 
the summer. Everywhere, on the western half, were seen the relics of streams averaging 
some 60 feet in width, and in depth certainly 4 feet and possibly more. These 
stream beds were about 300 yards or so apart ; and, though the grade here was not very 
steep, the stream velocity at periods of maximum thaw must have been quite considerable. 

Before the advent of the Western Party, at the beginning of March, these one-time 
streams had become covered with 4 inches of ice, and had then drained away almost 
completely until the merest trickle of water was left (see Plates CLXXX and CLXXXI), 
the ice-covering remaining fixed to the banks in a concave form, being some 2 feet lower 
in the centre than at the sides. 

In the middle of the stream, moreover, where there had been small ice-islands 
only just submerged, this dxainmg away of the water had lowered the surface of the 

ice until it rested on the top of the 
island. The ice above the islands had 
then remained fixed to their summits, 
or, where not strong enough to bear 
its own weight, it had been ruptured 
over the projection, and a network of 
cracks had formed in similar fashion 
to those which form during the winter in the sea ice off a shallow shore.* With further 
lowering of the ice-covering, this often detached itself from the walls of the charmel, 
and sank to form the type of ice-formation we called pie-crusts ** (Pig* 101). 

* Cliapter X, p. 356. 
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Plates CXC and CXCI give a good idea of the surface of this portion of Koettlitz 
Glacier. 

It may readily be seen from this description that, during the thaw season when the 
streams have no ice-covering, the surface of a glacier such as the Koettlitz may be 
practically impassable for sledge parties unless provided with boats or canoes of some kind. 

We have thus seen that the thaw-water formed by the melting of a clear ice surface 
is at times very considerable. Far more effective, however, as we have already stated 
in the section dealing with Ablation,” is the thaw which occurs in the presence of any 
dark substance lying on, or close to, the surface of the ice — ^for instance, rocks, silt, or 
sand. To this agency must be ascribed the much greater thaw effect which occurs 
along the sides of the glacier, which is due to radiation from the dark warm rock of the 
wall of the glacier valley. It is, therefore, clear that the amount of thaw- water developed 
on any glacier surface will depend largely on the environment of the ice mass and on the 
amount of moraine material lying on its siirface, as well as on the amount of fine rock 
dust blown on to the ice from the surrounding rook masses. It is fortunate, indeed, 
from the point of view of the explorer, that the amount of dark material lying on the 
surface of most Antarctic glaciers is very small, for, if it were otherwise, the glaciers, 
instead of being difficult to traverse for a short period in summer only, would be almost 
impassable for the greater portion of the summer, as is now the case with a few debris- 
covered exceptions. 

Mention has already been made of the fact that, in the immediate vicinity of small 
rock masses, the efiect of the rock in raising the temperature of the ice will decrease 
quickly as the distance from the rock increases. Quite close to it, therefore, the 
temperature of the ice will rise to freezing-point and thaw-water will be formed. For fche 
case of small particles, such as sand blown on the glacier surface, tlie melting effect of 
an aggregation of a few grains only extends in the height of summer to a distance of 
about 4 inches from them, so that the grains as they sinlr in the ice form a hole which 
is not less than 7 inches in diameter. This hole is often partially filled with water in 
the middle of summer. These cryoconite holes, as they have been called,* do not, 
however, continue downwards indefinitely. After a certain depth, the intense action 
of the sun’s rays on the sand becomes lessened by the shielding effect of the ice walls 
on either side, and of the superincumbent water layer. The depth of the cryoconite 
holes, therefore, reaches a limit when the sinking of the sand grains, under the effect of 
such radiant heat from the sun and the sky as can reach them, is balanced by the ablation 
of the clear glacier surface under the total solar radiation. This depth in our latitude 
was found to be, in the mean, 9 inches for holes with a mean diameter of 7 inches. From 
this, it is clear that something of the order of 300 cubic inches of ice are caused to melt 
during the summer by no more than a tenth of a gram of sand. Clearly the melting 
due to a given small amount of sand will be greater the more evenly distributed it is. 

The water in the oryoconite holes becomes frozen at its surface during any spells 
of cold weather, especially during the later portion of the summer when the sun is lower, 

* Diygalski, * Ghcdxilaiid Expedition,’ p. 93. 
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and the individual crystals of these ice-coverings have a peculiar radial arrange- 
ment due to growth proceeding from the sides. This freezing may proceed until the 
hole is completely filled with a mass ol almost transparent ice, with aU the air concentrated 
in the boundaries between the radially-arranged crystals, which thus contrasts strongly 
with the whitish bubbly ice of the surrounding glacier surface. Quite commonly, 
however, after the formation of the first surface-ice over the water, a cold spell causes 
a contraction-crack to form in the glacier ice. This crack may traverse the cryoconite 

hole so that the water inside drains partly away, leaving 
an ice sheet an inch or two in thickness with an air-space 
beneath it. If the water drains away slowly, the next 
night may see a growth of ice outwards from the cold 
walls of the hole at the new water-level, and this periodic 
freezing may continue during several nights. This is the 
explanation of the curious shape of cryoconite holes 
sometimes observed. A section of one of these is shown m Fig. 102. It is unusual 
for the hole to be completely emptied of water, and a sheet of clear ice 2 inches or 
more in thickness almost invariably lies directly above the grains of sand. 

Evidence that the deepening of cryoconite pits keeps pace in succeeding years with 
the lowering of the general glacier surface by ablation is furnished by the great regularity 
in depth of such holes as have been investigated.* 

It is clear, therefore, that this action continues year after year by virtue of the 
radiation transmitted through the ice above and absorbed by the sand at the bottom 
of the pits, by which it is again emitted in the form of the longer heat waves which iire 
more easily absorbed by the ice. 

From the sequence of events described above it is clear that, on a level surface, the 
presence of very small sand or rock deposits does not greatly alter the form of the glacier. 

Quite a difEerent effect is seen, however, when the surface on which cryoconite 
pitting takes place is already 

very irregular and broken 
up, as in Fig. 103, which 
represents diagrammatically 
a slope facing north. 

The action of the sun’s 
rays is here made more 
effective by the existing 
slope, and the first effects 
will consist in a melting of the ice on the sunny side of A, so that a vertical wall Al) 
is formed on this side. The sun next attacks the cryoconite hole B, and reduces 

* Tke fact that silt in cryoconite holes on a level glacier sniface only sinks a short diatancc into tlio 
ice, has already been turned to good account hy Nordenskjdld, who has been able to deduce, from the 
occurrence of a layer of these holes in the body of the Snow Hill Glacier, that the glacier surface was 
lower than it is at the present time, at some period in the past. 
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]t to the same condition. Later, 0 is in tnm attacked, and the final result is a vertical 
ice face on the sunny side which is limited in height by the height of the point 
above the level where the slope was originally horizontal. Thus, on a glacier surface 
where pressure ridges and blocks of ice occur in the form of waves running about cast 
and west, already honey-combed with cryoconite holes, a few seasons only are sufficient 
to form steep walls 50 feet or so in height on the northern side of the waves. This form 
of surface is exceedingly well developed on the western side of the Koettlitz Glacier for a 
distance of several miles below the Heald Island Nunatak, As the glacier moves slowly 
forward, the process of weathering continues on the northern side of the ridges ; 
and, after their summits have been denuded away, the height of the walls becomes 
loss and less, until finally, at a point well below Heald Island, an almost level glacier 
surface is again found, and the only sign of the cycle that has taken place remains in 
the large quantity of silt wliich lies in the stream-channels, and in the surface hollows 
which are carved out on the glacier surface by the weathering agencies. 

There can be no doubt whatever that the unusually large amount of thaw-water 
in the summer on the Koettlitz Glacier owes its origin to the large amount of silt and 
sand material on the glacier surface and to the undulations formed on passage of the 
glacier past Heald Island. This is borne out by even the most cursory examination of the 
glacier. Thus, on the eastern lialf of tJie glacier, the occurrence of silt or sand is 
infrequent, and here the glacier is, comparatively speaking, level and free from surface 
water. On the western portion of the glacier, which has passed down to the left of Heald 
Island, however, the condition of affairs is totally different. Here the ice is pitted 
with cryoconite holes containing sand blown from the land near by. Broken np by 
its passage between Heald Island and the mainland, tlie irregularity of surface is 
pronounced, and the glacier is, in consequence, very strongly affected by the sun, so 
that the northern side of the bastions melt exceptionally fast, forming an even more 
irregular surface which is seamed with streams of considerable size (Plate CXCII). 

It is to this ability of sand, and particularly scattered moraine, to bury itself in the 
body of the ice that the poverty of surface medial moraines on Antarctic glaciers is 
partly due. If one follows down such a moraine from its place of origin, one notices 
a very instructive sequence of events. First, it will be observed that the amount of 
material on the surface at the point of formation of the moraine is small — ^much smaller 
than that which would be formed in temperate regions. It is, in fact, nearly always 
what we may call a scattered moraine (Plate OXXXVI). As this scattered moraine 
moves slowly down the glacier, the individual blocks tend to sink into the ice surface, 
and to he covered with freshly fallen or drifted snow, and before long all that is to be 
seen is a number of large isolated angular blocks. This transformation has usually 
already occurred at a distance of about 2 miles from the place of origin. 

One very definite effect of such moraines occurs by virtue of their strong absorption 
of the solar radiation, and this is shown by the increased ablation in their vicinity 
(Plate OXLI), an increase so great that it tends to lower the whole surface of the 
moraine-covered ice to a notable extent. Even if the whole of the moraine material has 
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already sank into tlie ice and disappeared trom sight, therefore, the presence of the 
moraine many miles below the point of origin may still be made evident by a 
longitudinal depression on the glacier, a groove which is often emphasized by a more 
or less alight discolouration of the ice due to the products of the frost- weathering of 
the blocks. The occurrence of such longitudinal depressions on the lower portions of 
many Antarctic glaciers is often the sole remaining clue of the former presence of 
medial moraines. They are often only 100 feet in width, but may be 100 yards 
or more.* 

Pbotboitve Action ob Rock. 

Owing to the inequalities of the moraine surface, the larger boulders on it ore at 
times surrounded by drifts of snow which become consolidated into ice, and thus the 
rocks sink, not only by an actual movement into the ice, but also by an upward growth 
of ice into the snow of the drifts (Plate OXLII). Such a process as this is frequently 
seen on medial moraines, and is necessary to explain the disappearance of the largest 
blocks into the ice mass, since a large mass of rook protects the ice below it from the 
effects of the radiation from the sun and sky. This protective action is due to the 
opacity of the rock to radiant heat, combined with a low heat conductivity, so that, 
though the upper surface of the rock in contact with the air may be heated several degrees 
above air temperature, this heat does not appreciably conduct through the rock to the 
ice. The result is, that the portions of the ice directly below the centre of the rock 
are shielded from direct radiation, and are only affected by certain stray reflected 
rays. In such cases, the large boulders remain perched on pedestals of ice (Plate 
CXLV). If these boulders are wide and tabular, the ice column can reach a considerable 
height. In general, the maximum, height is limited by the fact that, the greater it 
becomes, the greater will be the effect of radiation on the lower portion of the column, 
since the shielding influence of the rock will only then be effective when the sun’s altitude 
is greatest. The greater the width of the boulder, the higher can be the pedestal upon 
which it rests ; and this explains why large solid rooks are so much more liable to remain 
on a glacier surface than the small sand grains derived from the surrounding rock masses. 

It is, in all probability, to this cause we must attribute the fact that, on the scattered 
moraines of the upper Perrar .and Taylor Glaciers, all the blocks remaining on the surface 
are of very considerable size, while there seems to be at the same time a preponderance 
of the tabular blocks formed of Beacon Sandstone. The lack of ‘‘ glacier tables ” on 
the lower portion of the Ferrar, on the other hand, is very probably due to a precipitation 
and drift which more than neutralises ablation. ’j* 

From what has been said earlier in the chapter, it might be inferred that the effect of 
sand resting on ice is always to increase ablation and thaw in the vicinity. In particular 
cases, however, this is far from true ; for, if the layer of morainic material is of sufGlcient 

* The longitudinal grooves leading from Oavendisli Falls to iJie Tayloi Valley no doubt mark the 
presence of former sxirfaoe moraines. 

■f This phenomenon of inoreased snowfall at the lower levels of a glacier is of 'suoli general iuoidenoo 
as to leiave no doubt that it is a real one oominoh to this sector of Antarctica at least. 
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thickness — ^though it may be composed of a number of small stones or even of sand grains 
— ^it will protect the ice beneath it from radiation exactly as does a large solid boulder 
The only difference is, that, in this case, the ice pedestal is so broad that it cannot readily 
be recognised as such. 

Since the protective action of the moraine is dependent on the combined effects of 
shielding from the sun, and low heat conductivity of the constituent rocks, it is obvious 
that the action will be more efficient the thicker the moraine deposit. 

Such ice-borne moraines can clearly only remain visible if the local depositiou is 
less than the local ablation and thaw, and they are therefore well developed in 
those places where the erosion is greatest. Examples which show this particularly 
well are the raised moraines on the Dugdale Glacier to the south of Bobertson 
Bay, and those at HelUs Gate — ^the seaward end of the Priestley-Corner-Campbell 
ConfLuent-Ice. In both these cases, we have the rather unusual case of a medial 
moraine of sufficient density to act as a protection to the ice on which it lies, so that, 
owing to the greater ablation of the clear ice, the rook-covered ice stands from 20 to 
60 feet above the general level of the glacier, thus having the appearance of giant 
ribs (Plate CXLIIT, Chapter VII). 

Small and local moraines of this i^e are not lacking in the Antarctic, but they are 
not of frequent occurrence, owing to the poverty of rook material inmost medial moraiuos. 
It is on the lateral moraines of certain glaciers that this phenomenon reaches its greatest 
development. Probably nowhere in the Antarctic is this shown so well as on the 
Koettlitz western lateral moraine. Here, from Heald Island down to the Blue Glacier 
— a distance of about 25 mUes — a moraine extends which to the casual glance, would 
appear to be formed entirely of rock d&ms (Plate OXCIII). In width this moraine 
varies up to two miles ; and, though its general level is only about 100 feet above the 
glacier surface, the rock material extends a full 1000 feet up the slopes to the rock walls 
of the glacier valley. We have mentioned that, to the casual observer, the morame 
appears to be composed entirely of rock dibris^ but a little industry with an ice axe at 
almost any place in the low-lying portion of the moraine is sufficient to lay bare a 
transparent air-firee mass of ice at a depth of 3 feet or less below the surface. Indeed, 
at two widely separated places on the moraine, the ice was already es^osed — ^in one case 
as a fairly steep slope facing the north-east ; while, in the other case, it had been laid bare 
by the eroding action of a snaall stream opposite Heald Island. In the latter case, a 
vertical clifE of ice about 60 feet high was covered by only the thinnest veneer of loose 
morainic material (Plate CXCIV). Though we have no definite evidence bearing on the 
subject, it seems quite possible that the higher poirtion of these moraines, also, may 
be but a comparatively thin covering of rock over ancient Racier ice. 

The Stranded Moraine ” at the terminal face of the junction of Blue Glacier 
and the Butter Point piedmont, are similar ice-borne moraines, and are probably a 
continuation of the Koettlitz lateral morame which has juet been described. 

The remarkable physical feature known as ** the Bamp,’’ within a quarter of a mile 
of the main winter quarters at Cape Evans, is in all probability somewhat similar in 
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places, ‘with the diSerence that here we are dealing with a terminal moraine of the 
Same Glacier, instead of a lateral moraiae. It is certain, in any case, that the Ramp 
rises to a greater height than the glacier alongside it, and that the moraine dSbris rests 
directly upon ice in several widely separated places. 

The protective action is, however, by no means confined to moraine material. Wind- 
home sand — or stream-borne sand, if in sufficient quan'fcity — ^will cause exactly similar 
eflects ; and even the occurrence of large sheets of alga in the fresh-water lakes found 
on certain Antarctic glaciers, and on the tidal platform which fringes much of the 
Antarctic Coast may exercise the same protective action. There is, however, one 
difference. The effects of these latter causes, when observed in the Antarctic, have 
always been on a much smaller scale than those just described. 

It is the combined result of these three agencies — ^rock, sand, and to some extent 
alga, which give rise to that particular curse of sledge parties, the pinnacled-ice.,”* 
which is so well developed on the Koettlitz Glacier. The term pinnacled-ice is here used 
to include all the forms of ice which are due to the thaw and ablation caused by 
the occurrence of sporadie beds of dark material on the surface of a glacier, when 
this action is aided by the erosive effect of the mnning water produced by such 
a thaw. The well-known “ penitent-ice ” is perhaps the counterpart of this ty^e 
in more genial climates. Plate CXCV shows an example of penitent-ice from the 
Ferrar Glacier. 

In its most picturesque form, the pinnacled-ice is chiefly due to the action of a 
moderate amount of sand — a quantity sufficient to cause the maximum amount of thaw- 
water, but insufficient to exert any general protective action (Plates CXCVI and 
OXCVII). 

The general course of affairs may he sketched somewhat as follows ; — ^the dry sand 
ablated out of the ice by the wind in the colder months of the year is redistributed by 
the same agency, and collects largely in the hollows and depressions already existing, 
that is, in the major depressions already cut out by streams, or caused by similar natural 
agencies, and in the minor depressions which are the result of the sculpturing action of 
ablation, and which are in general a foot or so apart. The influence of the sun’s radiatioii 
on the sand gathered in the ablation depressions causes the formation of cryoconite holes 
on the slopes of the ice. The latter, as already described, weather exceptionally quickly 
and in such a manner as to present to the sun declivities much steeper than those which 
existed previoudy. An the cryoconite holes on the slopes develop in depth and width, 
a period arrives when the ice-waUs of the holes melt through, and allow the water to drain 
out and to carry with it a portion of the sand at the bottom of the holes. This it 
deposits on the more level ice surfaces below. Here, in the course of time, sufficient 
sand may be deposited to form a protective layer, and, in the summer, the terraces thus 
formed may become the higher portions of the ice. The close of the summer thaw 
season usually sees most of the sandy material again firmly cemented to "the glacier 
surface. During the following winter, ablation works steadily ; and, as the ice cement 

* H. T. Feiiar; * Geological Memoir of the ** Pisooyery ” Expedition, 1902-4.’ 
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is removed from between tike grams, more and more of tkis sand is loosened, and tkis 
loosened material is swept by succeeding gides into all depressions. 

The action of the water is often only efiective in carrying the sand to the level of 
the small local plateaux or terraces, but in certain places, as on the Koettlitz pinnacled- 
ice, the action of the thaw-streams is of greater importance. Indeed, in the bright of 
siunmer here, the deep ravines separating the 60-foot pinnacle-ridges, are occupied by 
streams 3 or 4 feet deep and several yards wide ; and these must carry quite a quantity 
of sand, a load which they will sooner or later deposit in the sea or on the sea ice at the 
entrance of the glacier vaUey. It is probable that the erosive action of the water in these 
streams is not inconsiderable.* 

The characteristics of the pinnacled-ice studied by the present Expedition may be 
euuineratod as follows : — Pinnacles with a maximum height of 60 feet, with stepped or 
vertical sides due to the formation of deep ciyoconite holes on a steeply doping surface ; 
the formation of flat sand deposits sometimes several square yards in area on the steps 
and terraces ; and, jfinally, the occurrence, in the hollows between the pinnacle ridges 
and below the steps, of fairly large streanos carrying a great deal of silty material. 

From a comparison of the amount of water flowing on the surface of Antarctic 
glsiciers, during a period of rogyirmim thaw, with that seen on the surface of glaciers in 
tomporate regions, one might be led to the opinion that the amount of thaw here is quite 
comparable with that occurring in regions beyond the Polar CSioles. 

Such an opinion would, however, be quite erroneous, for the distinguishing charac- 
teristic of our tliaw is that by far the greater portion of the water is supraglacial. It 
is true that examples are not entirely lacking of englacial streams, but these latter are 
quite the exception, and the stream channel in the Priestley-CampbeU-Confluent-Ice is 
almost the only good example of the phenomenon that we have met. 

This tendency of our streams to keep to the glacier surface has a physical explanation, 
and is duo primarily to the low temperature within the body of the glacier, whereby 
water, even if able to penetrate by way of small crevasses, will become frozen before it 
can travel any groat distance. Another contributing factor of almost equal importance 

is the low temperature of the water forming the surface streams. 

That tliis tendency is a real one, is proved by the fact that, on the glacier surfaces 
in the southern portion of Victoria Land, the rivers and strea^ do not appear to 
erode their beds downwards to anything like the extent they do in temperate latitudes. 
It is, in fact, quite exceptional to find the beds of supra^aoid streams or lakes oounterr 
sunk to a depth of more than a couple of feet. One exception, , however, is t e case Q 
a surface stream on bho Koettlitz Glacier, which had cut a tunnel about 6 feet m aiM r, 
and the bottom of whose channel was a full 9 feet below the glacier leve . 

OXCVIII shows a similar stream channel in Corner Glader. ^ 

One other example of an ice canyon about 8 feet in depth was seen cutog 
through oonsoUdated snow-<Jrift which blocked the bed of a stream drainmg the Davis 
* The water from these streams floods considerable areas of sea iCe in the early summer, and much 
assists the dissolution of the latter. 
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Glacier. Tlie conditioBB tere were, however, unusual, since the stream before meeting 
the ice dam had flowed a full 2 miles along a sand-paved valley strongly warmed in the 
sun’s rays. Perhaps the best example seen of a deep thaw channel is one on the Priestley 
Glacier, which is illustrated in Plate CLXXV- 

On the Perrar and Koettlitz Glaciers, however, streams may be followed for miles 
along the surface without disappearing into the glacier. This could hardly occur on 
glaciers which were heavily orevassed, and the mere mention of this fact gives a clear 
idea of the general freedom from crevasses displayed by these ^aciers, at least in the 
depressions or lower portions of the glacier surface.* This freedom from crevasses may 
be attributed largely to the mature character of the valley bottom of these outlet glaciers. 
True moulins were not seen by us, with one or two insignificant exceptions, north of 75° 
south latitude ; though structures which simulated the appearance of mouhns, but which 
could not have been produced by the agency of thaw-streams, were not uncommon. 

Evidence of the low temperature of the body of the ice is also furnished by the 
oocurrence of lakes on the surface of the glaciers (Plate OXCIX). The best examples 
were to be seen on the Koettiitz Glacier, and one of these cannot have been less than 
a couple of miles in diameter. It is seldom, indeed, that one meets surface lakes of 
any considerable dimensions on the better-known glaciers in temperate regions, and 
the reason for their occurrence on the larger and gently sloping glaciers of the Victoria 
Land region is probably to be found in the freedom of the ice from crevasses, combined 
with a low temperature within the body of the ice. Even in the Antarctic, it is only 
on the gentler slopes (where, in many cases, the glaciers are afloat) and on the flatter 
portions of masses of Piedmont-Ice that the lakes reach any considerable size. 

The most common occurrence of lakes is naturally in the depressions of an ice surface 
which is copiously strewn with rock d&fris. Here, the action of the sun is intensified 
by the radiation from the rock, and the two influences are able to bring about melting 
of the drift snow, the water collecting in the depressions to form lakes. By far the 
greater number of these lakes are to be found on the uneven surface of the lateral 
ice-borne moraines. Good examples of such lakes are to be seen on the Koettlitz 
Glacier lateral moraine, on the Stranded Moraines in McMurdo Sound and on the lateral 
moraine of Comer Glacier. These are probably due to a peculiar configuration of the 
surface, slopes being in general fairly steep, and the depressions isolated from one 
another, so that the tendency is towards the formation of numerous lakes without 
outlet streams. The lakes are seldom more than 100 feet in diameter, and are generally 
several feet deep in the centre (Plate CC). 

Lakes of this kind are found, not only in the lateral moraines, but at times also on 
the medial morames of a glacier ; though here their size is strictly hmited by the breadth 
of the moraine itself. When the medial moraine is of such density as to act as a 

TIub £t66d.om fiom oiovqiBBOs . is duB to an oxtroniBly bixiaII and xnuioim grAdiBut, occurs in 
spite of a greater tendency of the ice to crack in the low ^tarctio temperatuieB. These factors work in 
, opposite direotiona, and both need to be borne in mind, since both have great sigmfioanoe in the study of 
Antaictio ioe-fonnations. 
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protectioxL to the ice beneath^ and the moraine is raised above the general level of the 
glacier surface, lakes are generally, as on the Priestley Grlacier, formed beside and below 
the raised moraine. Such lakes are therefore in general considerably longer than they 
are broad. Examples have been observed with a width of only a few ;loet and a length 
of about 40 yards, while some reach a depth of at least 10 feet (Plate CCI). 

It is also a common thing to find lakes of considerable size in the lateral radiation 
gullies of the glacier ; and here, owing to the steep slopes of the banks on oitlier side, 
the lakes have in all probability a considerable depth. A very good examj^le of sucJi 
a lake is seen on the south side of the Perrar Glacier close to Cathedral Kocloa, the lake 
having a length of half-a-mile and a width of over 100 yards. 

We have next to consider what becomes of all the many streams which are visible 
on the glacier surface in the middle of summer. Here two different cases may bo 
recognised: first, that of the streams on glaciers which terminate on laud; and, 
secondly, those on glaciers whose end is washed by the sea. 

In the latter case, the thaw-water generally flows directly into the sea or on to the 
sea ice through the medium of the surface streams already described, as is the wiso with 
the Ferrar Glacier. In the former case, which usually occurs only for small tributarios 
which have cut for themselves no very definite bed, the streams flow down from the 
snouts of the tributary glaciers, and go to swell the volume of the lateral streams at the 
sides of the main valley glacier. 

One case where the main glacier docs not reach the sea is, however, known. 1!'he 
Taylor Glacier, together with the Camida and Australia Glaciers, all end in a suow-froe 
valley at some distance from the sea. Hero a very peculiar static of affairs exists. 
All the thaw-water from the Taylor Glacier, together with the water of the small streams 
from a few tributary glaciers, flows into Lake Bonney. T’hua, the water gathered from 
an area of about 100 square miles collects and forms a lake without an outlet, which 
was roughly estimated to contain, in February, 1911, 36,000,000 cubic feet of 
water. 

Clearly the lake roi)rcsontB the accumulation of thaw-water from the Taylor and 
smaller glaciers for several years. Since evaporation exccefls precipitation in this area, 
and since the inequaliby will be least on the glacier surface, we arc safe in stating that 
the total amount of thaw-water formed on the Taylor Glacier (say, 30 square miles 
in area), less evaporation from the water m route to and in Lolie Bonney, cannot exceed 
36,000,000 cubic feet,* or a loss of about 1 /30 inch from the glacier surface in the form 
of thaw-water. Clearly, loss by evaporation is much greater than loss by thaw in this 
area. 

One of the most ciurious results of the tendency exhibited by Antarctic glaciers to 
extend into the sea in the form of floating ice-tongues, is the formation of thaw-water 
lakes on the flat, free-floating portions of the glaciers. These are largely caused by the 
inability of the thaw-streams to flow directly into the sea, and this is due in its turn to 

* Tliis estimate is based upon the amount of loater present in March, 1911, and is on ortromo outside 
estimate. The coiioct figure is probably very much less. 

T 2 


291 



the slightnesfl of the grade of the upper surface on the floating portion of the glacier, 
and to the low temperature which limits the erosive power of the surface water. During 
the first western geological journey in February, 1911, the form of the surface of the 
Ferrar, and still more of the Koettlitz Glacier, led us to agree with the opinion already 
expressed by the geologists of the Shackleton Expedition* — that the lower filoating 
portions of those glaciers are largely made up of frozen thaw-water which has come down 
from the upper levels of the glacier in the form of surface streams. 

Mention might here also be made of the not infrequent occurrence of slush 
lakes on Antarctic glacier surfaces : these are formed by the flooding with thaw- 
water of hollows filled with drifted snow. They occur very commonly in the lee 
of the cliSs of glacier valleys, the best examples having been seen on the Ferrar 
Glacier. 

For a full discussion of the formation of lakes in rock basins in the Antarctic, the 
reader is referred to the ' Shaokleton Geological Memoir/ Within safe walking-distance 
of their hut at Cape Eoyds, the geologists of the Shackleton Expedition had a large number 
of these lakes with different saline-content, and were able thoroughly to investigate 
their structure and internal constitution. The chief interest in these lakes undoubtedly 
centres round the manner of their formation, and this question will be dealt with in 
another volume of the present series of memoirs. 

Though the amount of melting on the glacier surface, due to the thawing 
action of surface streams and lakes, is undoubtedly small, the same can hardly be 
said of the melting action of sea water on the snouts of those glaciers which roach 
the sea. 

The cause of this is twofold : first, the presence of salt in sea water induces 
melting of fresh-water ice at temperatures below the freezing-point of fresh water; 
and, second, the ocean currents tap reservoirs of heat which are not available to the 
thaw-water present on the glacier surface. It has, indeed, been estimated that 
water above freezing-point is some hundred times more effective as an eroding agent 
than air at the same temperature. 

It is clear also, from the local character of many ocean currents, that the melting 

action of the sea may vary within very wide limits at places but slightly differing in 
position. 

Summary oh* Results oe Ablation and Thaw in Victoria Land. 

To estimate the total thickness of ice which disappears from the surface of the 
Victoria Land ^aciers in any particular year, is a matter of considerable difficulty ; and, 
in the absence of accurate data, such an estimate can hardly be put in any form other 
than as an expression of opinion. The difficulty is further complicated by the fact 
that the amotmt of ablation is very largely governed by entirely local conditions, so 
iiat glaciers differing but slightly in latitude may be subject to quite different amounts 

* David and Priestley, ‘ Heart of the AntaTotio,’ 
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of denudation. Thus, on the western half of the Koettlitz Glacier, we have seen that the 
amount of thaw and ablation is immensely greater than that on the eastern half, or on 
the Ferrar Glacier ; and this must be due to the large amount of sand which is present 
in the former case. 

An example of the other extreme is afforded by the season 1911-12 on the 
Beardmore Glacier, in latitude 83j® S. to 85i® S. Though the passage of the Southern 
Parties up this glacier took place in the very middle of summer, no running water 
whatever was seen ; and the single example of still thaw-water noticed diming that tune 
was on Christmas Day, in lat. 84° S., when about a pint of water was found in a small 
depression in the upper surface of a large boulder.* It is certain that no signs of stream 
channels were seen either on the outward or homeward route, and it is therefore probable 
that practically the whole of the loss taking place from the surface of the Beardmore 
Glacier in a normal summer is in the form of vapour by processes of ablation. 

In the absence of any data, no attempt can be made to estimate the actual 
amount of ablation from glaciers such as the Beardmore ; but the lack of thaw-stream 
channels, the low mean temperatures, and the small altitude of the sun, all indicate 
that it is here considerably less than in the latitude of the Ferrar Glacier. 

Even for the vicinity of winter quarters, the data are so meagre as to give results 
which can by no stretch of the imagination be considered accurate ; but an estimate of 
the total annual loss from a clear ice surface, at sea level, as from 0 to 12 inches, is 
certainly not far from the true value, the figure being probably nearer (5 incJies for 
Cape Evans and nearer 12 inches for Cape Adare. 

Tlius, the annual ablation in the Antarctic is very small compared with that observed 
in other parts of the world, even at considerably greater altitudes. Tliis want of 
proportion is especially noticeable, if we compare our estimate for the Autarchic with tlio 
observations made by Drygalski in Greenland, where the total loss in the yetir is 
2*25 metres at a height of 100 metres above sea level, a result nearly nine times as 
great as our maximum estimate for the loss at sea level. Table XI gives a comparison 
between tlie observed ablation in difEeront parts of the world : — 


Tabm XI. 

Observations by Blumcke in Switzerland : — 


Height in metros 

2325 

2467 

2682 

2630 

2725 

Ablation in metres per year 

7-62 

6*65 

3-87 

2-96 

2-38 


* This was evidently due to the melting of a small amount of drift snow ; and, though it was the only 
water seen, it is quite possible that a certain amount of still water, or even flowing watetr, may have been 
formed in the beds of the lateral gullies at the sides of the glacier. 
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Observations by Dxygalaki in 70® 30' N. 


Fofiitioii. 

Hei^t in metres. 

Ablation in metres per year. 

. 

Aflakak Q-locier 

100 

2-26 

Semiaxsat Glooiei 

670 

2-00 

Kome Glacier 

600 

2.22 


Observations by Axel Hamburg in 67® 20' N. : — 


Height in metres 

970 

1000 

1100 

1200 

Ablation in metres per year 

3-3 

2*4 

0-9 

0-04; 


Thou^ onr estimate (in the mean about 9 inches of water per year at sea level) 
is small, it is large compared with the ablation which must take place on the Polar 
Plateau at altitudes approaching 11,000 feet, where thaw is entirely lacking, and where 
ablation must be much smaller if there is a flimilm* tendency towards decrease of ablation 
with height in the Antarctic, as, according to the figures in Table XI, takes place in 
Greenland. 
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CHAPTER IX. 

THE AlfTAECTIO ICEFOOT. 

Genebaii Bescbeption anp Tin?ES. 

Except in the late suinmei months— December, January and February— aud, 
indeed, during a normal year, for the greater portion of these months also, tlie 
AntarctiG Continent may correctly be said to be completely girdled with ice. 

A considerable portion of this ice is Land-Ice ; that is, it consists of the seaward 
fiuies of large or small glaciers. 

This does not come within the scope of tlie present chapter ; though, if the glacier 
is small and its end agroimd, it is often itself fringed witli an “ icefoot ” of a particular 
type. 

The Antarctic Icefoot, however, includes the whole of this girdle, with tlie 
important exception of tliat portion which is formed of the cliffs of glaciers. Its 
presence has a very practical aspect for the explorer, because most types of icefoot 
render landing from boats very difficult, except towards tlie latter end of the summer 
season. It may, therefore, under certain cinuimstances, greatly lengthen tlie 
disembarkation of shore parties and their stores. 

No full consecutive accoimt of the formation of the Antarctic Icjofoot has yet been 
given, the nearest to a full doscidption being that in the Memoir of the Shackleton 
Expedition, 1907-9. It is intended here to go into tlie matter fairly exhaustively, 
dividing the icefoot into definite classes, and describing the formation and disappearance 
of the Icefoot of 1911 at Oape Adare in some detail. 

Three main tTpes of icefoot may be recognised, and it seems possible that these 
types will be found to embrace all those formed in other parts of the world where the air 
and water temperatures are sufficiently low to produce an icefoot at all. 

Each of these types may be well represented for short distances along a coast, but 
more usually — ^indeed, almost invariably, when any great length of the shoreline is con- 
sidered— two or three of them are foimd in combination. Nevertheless, their mode of 
formation and their form differ to such an extent, and ore so dependent on their environ- 
ment, or on the weather which prevailed at the time of their formation, that the types 
can reasonably be dealt with separately, before considering them in their joint relation 
to the Icefoot of any particular region of the coast. The three main types are : — 

(1) The tidal platform icefoot. 

(2) The storm icefoot. 

(3) The drift icefoot. 
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To these may be added the more imconmioii, but certainly not negligible 
varieties : — 

(4) The pressure icefoot. 

(6) The stranded floe icefoot. 

AH or most of these types may be seen in any special “ region ” of the Antarctic 
which has a diversified climate and a varied coastline. As these two factors occurred 
in conjunction both at Cape Adare and at Cape Evans, all the icefoot types were to be 
studied at each place. 

As the icefoot in Robertson Bay was watched under peculiarly favourable conditions 
throughout a whole season of icefoot life ; and, as it was perhaps the finest example of 
its Irind that has ever been observed, and it has not previously been described, it is 
proposed to ^ give a detailed description of it in the latter portion of this chapter, and 
only to refer cursorily to the icefoot at the other bases of the Expedition. 

Before entermg into a discussion as to the formation, alteration and disappearance 
of any particular composite icefoot, the characteristics of the five ideal types will be 
described, together with the circumatances of weather and environment which are the 
chief factors that determine their particular form. 

The “ Tidal Platform ” Icefoot. 

This type is one of the most widespread of all forms of icefoot. It occurs either 
with or without the other types, and along abnost the whole of the coastline which is 
not fringed with Land-Ice. Indeed, it is much more common than would appear at 
a first casual ^nce j for, actually, it is often masked in its earlier stages by the super- 
position of a “ storm icefoot,” and, in its later stages, by the piling up on its surface of 
a ‘‘ drift icefoot.” Together with stranded sea ice, it forms the foundation of most 
composite icefoots, and, in addition to this, it is the most striking feature along con- 
siderable stretches of coast. 

It is formed during the colder months of the year by the rise and fall of the tides, 
and its thickness may, therefore, be pretty weU gauged if one knows the difierence 
between the height of sea level at low tides and at the highest spring tides which occur 
during the winter months. Though “ frazil ” crystals may be added to its under side 
during the winter, the actual thickness of the “ tidal platform ” will not be very much 
greater than the tidal range. This is true, except in special circumstances such as 
occur along a shallow coast, where it may be sensibly augmented by the formation of 
anchor ice,” or such as result in additions to the upper surface of the types that have 
already been mentioned. These additions may convert the original tidal platform ” 
into a composite icefoot either of the ** storm ” or “ drift ” type* 

The tidal platform, as typically developed, is formed by the deposition of ice 
directly from the sea water as it rises and falls with= the tide, and laves the colder 
surface — ^first of the difis, beaches and ^aciers of the coast, and afterwards of the sea- 
ward edge of the cincture of ice developed by this process. Its formation does not 
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commence until the temperature of the air and of the land have fallen considerably 
below the freezing-point of sea water, and until that of the sea water itself is also very 
near freezing-point. At first, the ice that is deposited during the night or during 
the cold “ snaps ” is removed during the day, or in warmer weather. ]?or a consider- 
able time, even when normal teinperatui:es are uniformly low, the solvent and mechanical 
action of the waves which accompany a gale will rejncwo tlie icefoot developed during 
the calm spell which immediately preceded the wind. 

Finally, however, the steady deposition frorii the sea overcomes all obstacles, and, 
during the winter, the “ tidal platform ” in favourable districts increases in width 
very rapidly. 

The shape and appearance of an ideal tidal icefoot, formed under favourable 
circumstances, is shown diagramniatically in the accompanying figui’c (Mg. 104), which 




"i-'l _ 




> yj- 




is a slightly idealised sec- ^ 

tion through a portion of 

the icefoot on the northern ■< , ' > .j. . _ . . ^ .r- ' , 

shore of tlie beach at Capo ^^****^**®ii^^ " -r' / ^ 

The importance of this 

type of icefoot to the ex- ^ 

plorer, and especially to ^ ^ 

the geologist, is unmense, 

and will become obvious as the otlier types arc explained and described. Considerable 
stretches of the coast are only rendered accessible during the winter mouths by these 
tidal platforms, and they provide excellent camping grotuids for sledge parties iliiring 
coastal exploration (Plate COII). 

The Northern Party, during their work in Kobertson Bay, again and again had 
cause to be grateful to the tidal icefoot. Much of the geological work would liave been 
left xmdone had it not been for the flat shelf bordering the land. 


Mg. 104, — “Tidal platfcnin** at (.‘faim Allans 


The height of the tidal platform is dependent, as already mentioned, on the difference 
' between the sea level at the maxinuim of the spring tides and that distance below sea 


level at low tide to which the effect of the cold air temperatures can penetrate ; its 
growth in breadth is determined largely by the configuration of the part of the coast 


on which it is growing. 

If the coastline is an open one, free from land-locked bays, so that the ice is not 
fast bound to the shore, the tidal platform may reach a breadth of many — ^in extreme 
cases, as much as a hundred — ^yards. If, on the other hand, the icefoot is formed in a deep 
or narrow inlet, it will seldom be more thau a few yards broad, its breadth being limited 
by the amount which forms before the sea ice finally reaches such a thickness that it 
does not give way easily. The fresh deposits to the tidal platform will then bo scraped 
off as fast as they are formed. In such a case, the attrition between the sea ice and the 
seaward edge of the icefoot is attested by the continual groaning and creaking, which is 
always to be heard in the nei^bourhood of the working tide-crack which bounds the 
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Fast-Ioe of the bay. Of cduxse, if the autumn gales remove the sea ice, the 
ordinary course of the building of a tidal platform is resumed immediately the gale 
is over. 

It win still not be a prominent feature, however, for the whole portion formed before 
the conqmencement of the gale is likely to be removed by the sea ; or, if the temperature 
of the sea and land are too low to permit denudation taking place on a large scale, it 
will be masked by the deposition of a " spray ” icefoot upon it. 

It wall be seen from the foregoing discussion that the most favourable circumstances 
for the formation of a broad icefoot of the tidal platform type, sensibly thicker than the 
e 2 :fcreme tidal range, will be on an open coast sloping gradually below sea level, and 
facing in such a direction that any spray formed during gales will be blown away from 

the shore. This situation 
occurs in the case of the 
icefoot on the northern 
shore of the Cape Adare 
beach, and in North Bay 
at Cape Evans (Fig. 106). 

The most favourable 
conditions for the forma- 
tion of a broad tidal 

3fig. 106. — “ 11110 ! platform *’ Icefoot, north boaob, Cape Adoro. _ _ _ . _ i n -i 

platform which shall be 

almost coincident in thickness with the height between tidemarks, is, on the other 
hand, along a similarly open coast which is formed by a rock bluff dipping at a steep 
angle below the sea, as at the bluff end of the peninsula of Cape Adare (Fig. 106). 

Finally, the most favourable conditious for the formation of a well-marked tidal 
platform of the narrow bay type is along a land-locked coast in a region marked by 




rig. 106. — “ Tidal plntform ** icefoot, north end of 

Cape Adore. 



rig. 107. — ^Narrow tidal platform, 
Bohertson Bay. 


very few violent storms with long continued periods of calm between them (Fig. 107), 
Here, the tidal platform will form in the autumn through the chiJIing action of the 
coasts on the sea water bordering them. This formation wiU commence slightly before 
the sea begins to freeze, the formation of sea ice being retarded by the circulation of the 
main currents and the constant interchange of warm and cold water through the 
regular ebb and flow of the tides. ^ 
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Wlien the sea ice does form, it will remain in the bays until its break-up in the next 
summer or early autumn, and by constant friction wiU keep the tidal platform within 
its original bounds. 

A good example of such a narrow tidal icefoot was to be seen along the shores of the 
little indentations which make up the coastline of the western side of Kobertson Bay. 
The occurrence of a gale is here the exception rather than the rule, Robertson Bay, 
west of Penelope Point, being essentially an area of calms. 

The tidal platform will commence to grow immediately the autumn fall of 
temperature sets in, but its manner of growth difEers decidedly during the difEerent 
seasons of the year. In the earlier and, to some 
extent, in the later stages of its existence, deposition 
and denudation go on side by side, and it is a com- 
bination of these in varying proportions which gives 
the final shape to the product of their joint efEorts. 

Thus, in the early days of its formation, we see 
the platform everywhere growing more rapidly near 

*. 1 1 . . . ..1 — Platform with Jiittiiig odgo. 

its upper edge, and m special cases near its lower 

edge, than in its middle, and this gives it a section very much like Mg, 108 or 
Fi^. 109 or 110. 

The first of these cases is explained by the fact that the portion of the platform 
which is below sea level most of the time, is being denuded by the comparatively waran 
sea water almost as rapidly as it is formed. It is only along the upper portion, which 
is never covered by anything but a shallow film of surEacc water, and is therefore only 
exposed to the influence of water cooled by direct contact with the air, that growth is 
rapid. Growth becomes progressively slower towards the bottom of the outer face of the 
platform, and a jutting top therefore projects beyond a concave, sloping face 
(Plate CCIII). 



Pig. 109. — Tidal platform inoroosod by addition 

of anchor ioo. 



Fig. 110.— «Tidal platfonn 
with a xnrow. 



This action is obscured along shallow coasts by the formation of anchor ice, owing 
to the supercooling ” of the sea water. In these cases, the deposit of anchor ice may 
grow until it may almost be considered part of the tidal platform, to which the greater 
portion of it is added in counse of time. This deposit of anchor ice often becomes 
continuous with the lower edge of the platform, and may extend several yards out into 
the sea (Mg. 105). 

This mode of growth continues so long as the temperature of the sea water is 
potentially below freezing-point, and the icefoot grows quicker in its lower portions. 
If the sea at this time is free from ice, may well be the case in regions swept 
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periodically by tte Antarctic storma, tbe process continues until the form of the icefoot 
is reversed and a projecting prow is formed under water. The icefoot profile is then as 
shown in Fig. 110. • 

The ideal section is, however, complicated in nature by the action of a breaking 
sea on the windward side of capes and smaller projections of the coastline, and of the 
swell to leeward of the same features. 

If, however, calm weather ensues and the sea ice forms, the projecting prow 
is never very much in evidence. As fast as it is formed, it is broken ofE by 
the abrasion at the tide-crack, and the type of platform edge which is usually 
seen in the winter months is the straight wall which is shown in Fig. 107. 
This straight wall is also well seen in Plate CCIV, which shows the bluff 
cliff of Cape Adare as it appeared in early September of 1911, when the old 
sea ice with its ridges and belts of pressure had been driven out by the hurricane of 
August 16, and the new ice formed since then was still unaffected by pressure. A very 
comprehensive view of a winter tidal platform is thus obtained. It is especially 
interesting, because, being in the lee of a high diff , the icefoot is very nearly free from 
complications due to the addition either of sea spray or snow-drift, the only irregularities 
of any magnifaide being due to the presence of one or two stranded floes thinly covered 
with spray, and some very insignificant drifts of loose snow. This is eminently a case 
where the reEil Antarctic icefoot approaches very closely to one of the ideal types. 

The growth of these seasonal varieties of tidal platform is often complicated by slight 
roughness of the sea, which is not suflB.cient to cause spray and thus to render possible 
the formation of a “ storm icefoot,” and yet is enough to complicate the ideal forms 
described above. The usual effect of such a modification is to cause a sloping upper 
surface to the platform, which is the direct result of the continual washing of the water 
over the air-cooled surface of the ice above normal highwater mark (Plate COV). Ejaoh 
type has, therefore, its corresponding “ rough water ” modification. In all tliree cases, 
as already mentioned, the formation of anchor ice may noticeably affect the shape of 
the ice sheet on a very ge;nfely sloping shore. The addition of drift snow to the upper 
surface of the platform has also been known to affect both its rate of growth and slope. 
No cases of this were seen either at Oape Adare or at Evans Coves during the present 
Expedition, but at Cape Evans this type of deposition was common. 

Once the regular vertical growth sets in, little change which is visible to the naked 
eye takes place in the ice foot, except at occasional unusually high tides, when the 
sea water overflows a surface which is constantly being lowered by ablation and drift- 
chiselling. A fresh layer of ice an inch or two thick is then deposited as a white greasy- 
looking coating, easily distinguishable from the ice of the lower portion of the platform 
by the fact that it contains a much greater proportion of brine between the ice 

crystals. It is therefore more clouded and more liable to become damp with rise of 
temperature. 

This difference. in salinity was tested in a very practical and decisive manner by the 
Northern Party during their winter at Inespre^ible Island, when they found that the 
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only ice wliicli served to salt their stews sufficiently was that talceu from such overflow 
deposits soon after they were formed. 

A very pretty example of the efiect of the combined processes of denudation and 

deposition which give rise to a horizontal lamination of the upper portion of the icefoot 

was also well seen at the same place, and is illustrated in Fig. 111. Two or three seals 

had been butchered in a 

a hurry in March, had — — 

been dragged a few SoeU^Biood Sbctm jAro t^ 

yards from the seaward Hl. — Seal oamoao oud Wood on “ tidal platform *’ ioofoot at LwxptoBBibln 

^ lalond, wintor, 1012. 

had then been left. Both the blood and the warm carcases of the seals sank into the 


edge of the icefoot and 



ice a little before they froze. The former disappeared below tlie general level of the 
icefoot surface for a vertical distance of some 2 inches, and the latter were countersunlc 
for about inches (Fig. Ill, a). As the winter went on, the plateau gale blew un- 
ceasingly, and ablation lowered the ice surface unusually quickly, until, by June, both 
the ice underneath the seal (protected from removal by the caj:case), and the ice with 
which the seal’s blood was mixed, stood out above the general level some 1 or 2 inches 
(Fig. Ill, n). Soon after this, a series of xmusuaUy high tides overflowed the reduced 
icefoot, and some 5 or 6 inches were added to its height during the few days that those 
tides lasted. The seals and some sledging gear were frozen in so firmly that quarrying 
them out gave a good deal of trouble and occupied much time (Fig, 111, o). 

T’hus, it will be seen that the two main changes in the tidal platform during tho 
winter are a steady g)*owth seaward, and an occasional accession in height due to abnormal 
tides, the latter giving a horizontal lamination to its upper portion. The former growth 
may, however, he almost, or entirely, neutralised by tho constant scraping of the sea 
ice along the seaward face of the platform. 

The next stage in the life-history of tho tidal platform comnioncos with tho general 
rise of air, earth and water temperatures which mar]<s the passing of tho spring. 

As the summer approaches, the sea water commences to sup tho icefoot from beneath, 
and the sun plays havoc with the surface, the latter agency being aided by the grit 
which has been blown on the icefoot from time to time during the winter. 

Tho thaw-water which is formed drains away through the porous ice, and materially 
alters the structure of the lower layers, which have as yet escaped the direct influence 
of the sun. The icefoot thus becomes honeycombed through the agency of the products 
of its own dissolution (Plate CCVI), 

In addition, the drainage from the land behind it has to pass tlirough, over, or 
underneath it, and it may become dissected everywhere with stream channels. Thus 
its disintegration proceeds apace, while fresh impetus is given to its removal after the 
sea ice has broken up and has left the icefoot to the mercy of the swell. 

The sea then commences to exert a mechanioal effect as well as a solvent action. 
Huge floes, sweeping past under the influence of current and wind, may grind large 
pieces from the weakened struotuxe ; the waves, swelling upwards under the undercut 
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tidal platform, break off the projectiog portioiiB and use them as gigantic hammers 
with which to pound off more ; and the daily shrinkage increases many-fold. 

As the weeks pass, the icefoot dwindles steadily until, usually, the tidal platform of 
the last year becomes a thing of the past (Plate CCVII). All is then ready for the 
formation of the next one, which will begin as soon as winter once more commences to 
grip the land. 

The lite-hifltoiy of the first of our icefoot types has thus been passed in review. It 
is the type which is the basis of most composite types, and which is also frequently 
found flourishing by itself where the environment is favourable. The remaining four 
types all contain much ice which is the result of the processes outlined above, but, in 
each case, the greater proportion of the ice and the dominant characteristics of the ice- 
foot have resulted from some special features of their surroundings and of the weather 
conditions under which they have been formed. They, therefore, belong essentially to 
classes of their own. 


The Storm ” Icefoot. 

This type of icefoot, as is suggested by the name, is only formed during winds, or 
while a heavy swell is breaking on an exposed coast. In the early autumn, when the 
temperatures — ^although quickly undergoing readjustment to winter conditions — are still 
fairly high, the effect of a heavy sea may be to remove the incipient icefoot which has formed, 
either as the beginnings of a tidal platform, or as a series of floes stranded and frozen 
together during a previous spell of calmer weather. Thus, at this period, the sea 
exercises predominantly a denuding action ; indeed, it is during the early autumn gales 
that the last stubborn remains of the previous year’s icefoot are abraded or dissolved away. 

As the winter approaches, a portion of the spray which is whipped from the top 
of the white-capped waves by the wind, is deposited on the shore and on the new icefoot 
as spray ice — a cloudy, greasy-looking type of ice which is characterised by innumerable 
little veins of brine and air, running in a fine irregular network over its surface and 
throughout its bulk. The blizzards have now become agents of deposition more than 

of denudation. Though 
the icefoot is still sapped 
from seaward, and pro- 
jecting portions are broken 
off it by the impact of the 
waves, it rapidly increases 
in height by the deposition 
of spray ridges, while, if the 

gale is a really severe one, the loss in width due to the removal of its seaward edge is 
more than compensated by the increase in height on its landward side. The spray ridges 
may extend inla nd for a distance of 30 or 40 yards or more. They are arranged as long, 
approximately parallel ridges which vary considerably in height, but which all dip at a 
fairly steep angle towards the direction of the prevalent wind (Plates III and TV, and 
Pig. 112, and Plate CCVIII). 



Fig, 112. — Spray ioo on a * aturm * ioofoot at Cape Adaro. 



In extreme cases, these spray ridges may be 1 foot or more thick and between 
2 or 3 feet deep, and, after exceptional gales, the noticeable effect of tlie spray may 
extend inland for hundreds of yards. It is seldom, however, that it forms a permanent 
portion of the icefoot further back than 40 yards. Beyond that it is deposited as 
discontinuous flecks of ice, which are usually arranged on 

the wmdwmd side of any prominences (Kg. 113). Wf/u/ 

These are quickly removed by ablation, an efflorescence 
of salt only being left to mark their former position. 

Such an extreme case of deposition was weU seen by 
the Shackleton Expedition, 1907—9, and is described in 

the Geological Memoir. During the great autumn blizzard of February 18-21, 
1908, when an extraordinarily low temperature (for such a gale) was registered, some 
30 or 40 tons of stores, which had been landed between Elagstafi Point and Derrick 
Point at Cape Boyds, were covered by such a spray deposit which reached in places 
a depth of over 6 feet. A year later, in spite of the intervening ablation and thaw, 
a trench had to be dug to a depth of 4 feet in order to salve four volumes of the 
‘‘ Challenger ” Scientific Beports which had disappeared in the general d&)dde. 

An interesting corollary to this was recorded in 1911 by the Nortliern Party of the 
present Expedition. The site of the former trench dug two years before was not then 
visible, but just about where it must have been sunk was found a case of Lyle’s golden 
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syrup and another of bottled beer, both of which liad been the subject of anxious 

search two years before, 
and both of which were 
now standing well above 
the surface of the ice 
(Kg. 114). 

G’his result demanded 
either an unusual thaw 



Fig. 114, — Storm loofoot at RoydH, aa it appuaroil in January, IIUL. 


during the sxunmer of 1911, or the icefoot formed in February, 1908, must have been 
an exceptional one even for a storm icefoot. 

Although the thaw in 1911 was possibly an abnormal one, it seems probable that 
the main reason for the removal of the spray ice is, tliat there had been no significant 
deposit since the one in 1908. Indeed, it is unlikely that the conditions for a sea as 
great as the one experienced by the Shackleton Expedition are comuxon in February. 
There is usually more sea ice about at that time. 

Such a spray icefoot must occur, in a greater or less degree, over a great portion of 
the Antarctic coasts — everywhere, in fact, except in the very few places where the 
weather is habitually calm. 

We should, however, expect to find it developed in its greatest perfection on 
the windward sides of projecting points. That this is the case, will be seen from the 
detailed description of the icefoot at Cape Adare which follows these introductory 
paragraphs. 
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The chief characterietics of the storm icefoot are great height and oveihangiug 
projections on the seaward side, and steeply dipping spray ridges on the landward side. 
Pools of brine are often held between the high buttresses along the seaward edge of the 
icefoot and the rock cliff or upward-sloping shore behind them, and the storm icefoot 
is marked all over with an irregular coarse crenulation which renders it unmistakeable. 
Such an icefoot is often strewed with deposits of seaweed and shell fragments, many 
pieces of which become frozen in, and are then buried under fresh accumulations of ice. 
It is also not an uncommon thing to find beds of pebbles a footer more thick intercalated 
in the flatter portions of a storm icefoot with such regularity that, when the formation 

is dissected in the follow- 
ing summer, the number 
and force of the greater 
gales of the previous 
winter can bo judged with 
approximate accuracy 
from the section thus 
revealed. 

A storm icefoot cer- 


formed, it lasts through- 
out the winter months. 
Such an icefoot is liable, 
however, to grow up 
during a single night ; while twenty-four hours of hurricane with an open sea may com- 
pletely change the appearance of those portions of the icefoot which lie in the path of 
the wind (Pig. 115 A and b.) 

Plates CCVIII and CCIX filustrate portions of a typical storm icefoot formed after 
the ten days’ gale at Cape Adare, in May, 1911. 

Such a storm icefoot differs from the tidal platform type, in that it is difficult to 
scale, and so may render a good deal of the Antarctic coast impassable either for sledges 
or for men. 


tainly cannot be described 
as ephemeral, for, once 



l*1g. lie. — Cumparatlyo Beotioiici of tho stonn icefoot at CSaxw Adaro boforo 

and aftor the May galo. 


The “ Drift ” Icefoot. 

This is perhaps the most noticeable type of icefoot along a coast of moderate 
steepness with a reasonable amount of snowfall or snow-drift. An icefoot of this kind 

may be divided naturally into two distinct parts, one of which is axmual and the other 
perennial. 

The annual portion will always be present in a “ snow drift ” icefoot : the perennial 
may or may not be, according to the configuration of the coast. It is this latter portion 
of a drift icefoot that forms quite a conspicuous feature of Antarctic coastal scenery, 
as seen from a ship in that portion of the year when the sea is free from ice. "Wherever 
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steep clifb or moderately steep slopes face the sea, one may observe long lines of 
stratified ** ice-fans,” which are formed by the coalescence of the lower portions of fan- 
shaped masses of Snowdnft-lce. These are in reality nothing more nor less than screes 
formed of snow and rock dibris. Their permanence is due to the nature of the materials 
which form them, and especially to the action which the rock has upon snow under the 
compacting infiuence of the summer sun, which brings about an exceedingly quick 
change from snow to ice in such rock-strewn cones. 

It is the position of these masses of Snowdrift-Ice, and not their structure, which 
causes those which fringe the seashore to be of interest in the present connection. It 
may be repeated, however, that serious objections can be opposed to the use of the 
term “ icefoot glaciers ” as applied to what appear, from the description given, to be 
similar structures in other portions of the Antarctic. Exactly comparable ice-formations 
occur in positions which are in no way connected with the Antarctic icefoot, and this 
title would be distinctly a misnomer if applied also to them. Unless one general term 
is conferred upon all these ‘‘ ice-fans,” the type name will not have a genetic origin. 
It is because of this that all such structures arc classed together in tiiis memoir as 
“ Snowdrift-Ice.” 

The annual portion of a drift icefoot will be a feature of almost any portion of the 
coast during certain seasons of the year. It is, however, distinctly less persistent than 
the other main types of icefoot already defined, for it is the last to be formed and the 
first to disappea].*. It is seldom seen in any great development until the sea ice has frozei), 
for, until then, the snow-drifts along the shore must be insignificant in size and extent. 

As this icefoot was typically developed in the neighbourhood of Cape Iloyds, and as 
a full description is given in the Ceological Memoir of the Shacklotoii Expedition, it 
will not, therefore, be described in detail in this chapter. A short recapitulation of its 
life-history and its mode of origin will, however, bo given for the benefit of any readers 
to whom the Shacldeton Memoir may not be accessible. 

When the Fost-Ioe has existed for some days, it becomes strong enough to resist 
the force of the gales ; and, as soon as it has reached this stage, the drift snow, which is 
only carried in large quantities by the stronger winds, begins to settle upon it in large 
quantities. 

This accumulation is of course greatest along that portion of the shoreline where a 
lee is formed by the wall of a storm icefoot along a steep rock shore, which may or may 
not possess a lining of Snowdrift-Ice ; or, again, in lee of the cliff of a glacier. 

In the lee* of these obstacles, snow-drifts accumulate, and, in the course of two or 
three months, may reach the surface of the icefoot or glacier. They may even, in 
particular circumstances, overtop this, thus adding appreciably both to the height and 
extent of the icefoot and to the accessibility of the coast (Eig. 116). 

The drift icefoot may generally be expected to have reached its greatest size rather 
before midwinter. By this time, as much snow has usually accumulated as the low 

* Similar, but smalloi, drifts will also colleot on tho windward side of those steeper cliffs whiohfaoe 
tbe wind. 
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sheltering cliffs will protect ; and, after this stage is reached, denudation keeps pace with 
accunnilation* ^When the BnoW"dnfts have formed' to a considerahle thickness, the 
tide-crack or cracks are continued up through from the sea ice to the surface of the 
snow-drift, and the superincumbent mass of the drift depresses the shoreward edge of 

the sea ice below the level 
of the sea, causing at the 
same time a considerable 
rise of sea-water along the 
cracks. 

This sea-water perco- 
lates gradually into the 
drift on either side of the 
cracks, and adds very much 



ITig. 110.— St»otbu tbjough a typical dilft icefoot. 


to the compactness of the icefoot, turning the snow into an ice in which, however, the 
original granular structure of the snow-drift can distinctly be traced. The infiltration 
of this sea water, and its subsequent compacting action, adds decisively to the 
resisting power of the icefoot to the denuding agencies which act upon it during the 
later stages of its demolition. 

With the exception of this strengthening process, little change takes place in the 
drift icefoot feom now until the commencement of summer : denudation marches side 
by side with accumulation ; accumulation with denudation. The angular forms of 
sastrugi of erosion occur together, side by side, with the rounded forms of sastrugi of 
deposition. 

A slight softening and rotting of the surface of the drifts may take place with the 
approach of high temperatures and, locally, through the influence of included rock dust, 
this thawing effect may reach considerable proportions, a most pronounced honey- 
combing taking place which renders the icefoot extremely treacherous. 

The next'event of any magnitude in the life of the drift icefoot takes place when the 
sea ice breaks up and goes out, carrying with it all of the drift which extends beyond 
the working tide-crack. 

After this, the warm sea water undermines the icefoot rapidly, and the disintegration 
of the annual portion is almost completely accomplished during the next few storms, the 
snow breaking off in huge cubical blocks to be carried away by wind and current, leaving 
the shore bate. 

The solitary exception to this rapid disappearance of a drift icefoot is to be seen 
where the drifts run inland on a shelving rock shore, where the lee is provided by a cliff 
standing many yards back from the sea. In this case, the dwindling of the shoreward 
portion of the drifts is a much slower process, being confined to the influence of direct 
thaw, of radiation from the surrounding rock faces, of evaporation, and of drift- 
chiselling. 

These agencies, however, continue the work slowly but surely, until the colder 
weather again sets in. They ultimately leave a nucleus of a stunted, discoloured 
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snow-drift with rounded contours, vvJiose size is dependent t)n tlie clejnency or otherwise 
of the season. This forms the basis of the next year’s icefoot. 

Two other varieties of icefoot are sufficiently distinctive to deserve niention, 
although neither of them is widespread enough in occurrence to waiTant tlie creation 
of a special type to include it. 


The '' Pkessuhe ” Ioefoot. 


The first of these — ^the “ pressure icefoot — occurs sometinioH hi deep ba 3 rs, or on 

portions of the coast which are exposed annually to severe pressure from the pack. 
Under normal circumstances, this pressure expends itself in the formation of ridges, 
which may parallel the shore, and are 
usually separated from it by a strip of 
bowed sea ice several yards, at least, in 
width. 

In favourable situations, however, 
such as in the two examples montionod 
above, the inner line of pressure blocks 
may be crowded right up on to the elxore iooftmi. 

or on to the tidal platform of the icefoot, 

even occasionally on to a high storm icefoot. If, under such circumstances, the sea i(je 
is then removed by a gale, this pressure ice may be firmly bouutl togetlier, and may 
bo permanently incorporated in tlie icefoot by a cement of frozen spray (Fig, 117). 
In this way, an icefoot iias sonietinies been seen to increase in height by some 7 to 
8 foot in a single gale. 

T’he Sthanjimo Floe ” Ioefcjot. 



Finally, there is another variety of icxsfoot wliich is (ionfmed to coasts witli a shallow 
foreshore, and this type may also be of local importance. Such an i<iefoot is formed 



IIS. — Stranilod lluo inoloot. 


initially by the stranding of floes and 
smaU bergs along the shore, and it was an 
icefoot of this typo which formed the 
backbone on which the whole of the 
composite icefoot at Capo Adaro was 
built up. Views of portions of such 
an icefoot in the making are sliown in 
Plates OCX and CCXI. 


A section through this type of icefoot is shown diagrammatically in Fig. 118, 


Before proceeding to a detailed review of the life-history of a composite icefoot, 
another mode of accretion which affects all types of icefoot alike, and which is sometimes 
the cause of appreciable additions, should be referred to : this is the deposition of water 
vapour in one form or another from the air. 

During a considerable proportion of days in the life of an icefoot, air close to 
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Baturation point is constantly being brouglit into contact with the cold ice, and this 
deposits a portion of its moisture. 

The moisture deposited may take various forms, and these have been considered 
in Chapters I and IT. It would be out of place to enter into a discussion of them 
here, because their characteristics are not dependent upon the fact that they have 
been deposited on the icefoot, but are rather a function of the atmospheric conditions 
under which deposition took place. 

It must be remembered, however, that such vapour is a factor to be reckoned with 
in connection with the growth of the icefoot, just as lack of water vapour in the air 
bears a very distinct relation to its decay. Nowhere is this more the case than in those 
regions such as Cape Adare and Inexpressible Island, where open water may be seen, 
or its presence inferred, at any period of the year. 

Disappdahakob op akt Iobboot. 

A few general remarks must also be made on the subject of the mode of disappearance 
of the icefoot. The type to which an icefoot belongs does not materially afiect its 
disappearance, which is brought about in the main by the general rise of air and sea 
temperature which marks the approach of the Antarctic summer. A description of 
this process has already been given when dealing with the icefoot of the tidal platform 
type, and it holds good for other types also, with the difierence that the disappearance 
of the storm icefoot is much accelerated by the large quantity of salt which it contains. 

The commencement of the dissolution of an icefoot dates much farther back than 
this, however. Prom the .very beguming of its existence, the powers of the diOEerent 
agents of denudation and deposition wage constant war, victory inclining now one 
way, now another. Throughout late autumn, winter, and early spring, the forces of 
accumulation triumph in general, though local victories on either side give an ever- 
changiag outline to the disputed field. 

On the one side of the conflict are ranged the spray — sometimes the unbroken 
waves — ^the snow-drift, and occasional deposits of pebbles and grit ; on the other hand 
stands the wind, with its constant wearing action exercised through ablation and drift- 
chiselling, while the sea also denudes mechanically during gales when the sea is free 
from sea ice. 

Until the sea ice forms, the forces first mentioned are overwhelmingly superior in 
their effects, but, from the time of the final freezmg of the sea, the dwindling of the 
icefoot commences. The effects of the denuding agents are soon seen in the blackening 
of certain portions of the icefoot through the concentration of the grit which was held 
in the outer layers of ice ; m the exposure of fresh patches of rook and gravel where the 
bosses of sea spray have been entirely removed ; and in the bringing to light of large 
fronds of seaweed and of carcases of penguins which had been carried to the icefoot by 
the autumn winds, buried under accumulations of snow and spray, and are now finally 
once more revealed. The icefoot thus loses ground from the conunencement of the 
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winter, and the loss is only partially repaired by addition through direct precipitatioii 
from the air. This loss, however, signiEcant as it is, is very small when compared 
with the rapid destruction which takes place when the thaw sets in in earnest. From 
that date, the degradation of the icefoot proceeds with speed, so much so that it 
can no longer bo traversed in comfort without the aid of thigh sea-boots.* 

“ Tidal Platpobms ” bound Bbros. 

Stranded bergs which cannot rise and faU freely with the tides, are often surrounded 
by a well-marked tidal platform. This is of importance, because its presence is a direct 
proof that the berg is really stranded, while the presence of large numbers of 
stranded bergs is in its turn a proof of 
tlie shallowness of the water in which 
they lie. 

Whenever such a platform occurs 
round a berg, it is proof positive that 
the depth of water is not more than four 
to six times the height of the berg above 
sea level, though it may of course be 
considerably less. Indeed, on coasts 
whore such bergs are common, an approxunate chart of the sea bottom might well 
be made with tlio help of such evidence as this. 

A good example of such an icefoot round a berg is seen in Plate CCXII, and a 
diagrammatic section through a similar one in Fig. 110. 



J?ig. 110. — Sootioii throng a tidal platform round 
a atrandod berg at Oape Adare in 1011. 


Cape Mare 
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The Ridley Beaoh Icefoot. 

The study of the Antarctic icefoot is best concluded by a detailed discussion of the 
formation, modification and destruction of a composite icefoot, dealing first with that 
along the beach at Cape Adare, a formation which was closely studied during the 

autumn, spring, and 
winter of 1911. 

The winter station 
at Cape Adare was built 
upon a triangular fore- 
land of basalt pebbles, 
which had been de- 

Fig. im- tough to touch at Oapc Atou. ^ 

cape by an eddy of tlie tidal current which sweeps round it into the Ross Sea. This 
foreland is washed by the sea throughout the whole extent of two of its sides and the 
accompanying section (Fig* 120) gives a good idea of the low angle at which the seaward 
edge of the beaoh is inclined to sea level. 

♦ This rofers particularly to the icefoot in more nortliorn latitudes. 
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The one side of the beach faces the north, and is thus exposed to the heavy swell 
which sometimes ouforuns the westerly gales and beats heavily along this portion of the 
Antarctic coastline, while the other side faces south-west, and is swept by the seas 
raised by the south-easterly gales, which are such a characteristic feature of the weather 
on the east coast of Robertson Bay. 

According to the conditions which influence the mode of its formation, the Ridley 
Beach icefoot may thus be divided into a northern ” icefoot and a southern ” icefoot. 
The southern icefoot may again be divided, according to the base against which it is 
formed, into a “ cliff ’’ and a “ beach ” icefoot, the former being built up along the 
steep screes to the south and the latter along the beach itself. 


The “ SouTHEBN ” Beach Icefoot. 





Fig. 121. — Sontliom ioofoot, Fobmary 18, 1911. 


When the Terra Nova ’’ arrived at the beach on February 18, 1911, and commenced 
the work of landing the Northern Party’s stores, a few patches of discoloured ice which 
included beds of gravel were all that was visible of the last year’s icefoot. It looked 
as if the thaw and seas had nearly accomplished their possible maximum of denudation, 

and the stores were tliere- 
jcAACfwei landed on what 

appeared to be permanent 
beds of gravel. 

The next few days, 
however, were marked by 
the beating of a steady 
swell against the icefoot of the southern edge of the foreland ; and these beds of gravel, 
which proved in many cases to be resting upon the ice of the previous year’s icefoot 
(Plate CCXIII), were gradually undermined and removed, with the consequence that 
a not inconsiderable amount of stores was lost, while many hours were wasted in 
removing those that remained to a safer position. 

In the north, between the date of our landing and the commencement of the formation 
of the new icefoot, the sea had encroached as much as 12 yards on what we had thought 
was a permanent shore at 
the time of our arrival. 

The banks of gravel 
had evidently been formed 
by the concentration, by 
the action of the summer 
thaw, of the pebbles 
thrown up upon the pre- 
vious year’s storm icefoot. 

Fig. 121 shows the southern icefoot diagrammatically, as it was at the time of our arrival, 
while Fig. 122 illustrates the appearance of the same icefoot on March 16, 1911. 


Final remams of 
lael ^eans Icefoot 



Fig. 122. — Southern ioeloot, March 16, 1911. 
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Towards the middle of March, the sea and air temperatures began to fall, fore- 
shadowing the approach of winter ; and, during the calm days of this period, deposition 
began to be significant for the first time, though the beginnings of the new icefoot were 
at first removed as soon as they were formed by the swell during the occasional spells 
of rough weather. Tliis first icefoot was mainly formed of small pieces of veiy weathered 
pack and brash ice stranded on the shore by the action of the tides, and then cemented 
together by the freezing 
of the sea water between 
them (Fig. 123). 

On March 21, a strong 
gale blew from the south- 



Flg. 123. — Now H»>uthom ionfoot, Miiwili, UHI. 


east, and the heavy sea which accompanied it built up an icefoot of ati’anded floes 
and bergs and of brash ice and spray ice some distance above sea level. As the 
normal swell in calmer weather was unable to reach tliis new deposit and dissolve it, 
ib persisted and formed the nucleus of the 1911 icefoot. 

After the gale of the 21st, the temperatures rapidly decreased, and the sea began 
to freeze in earnest. 

The immediate result of the fall of temperature on tlie icefoot W'as manifested in 
three ways : — 


(1) A selvage of the frazil crystals which form the upper layer of the sea ice 

was washed up on to the icefoot and on to the beach by the slight swell. 

(2) A tidal platfoim of the type shown in Fig. 104 began to fonn on tlie stranded 

fioes along the icefoot. 

(3) The boulders of the boac*.h between higli-and low-water level became coated with 

ice (Plato CdXIV). 


The growtli of this latter coating was not, as we liad formerly believed, by tlic deposition 
of concentric laycu's of ice, but by the formation of blunt i(ie-prisins with pyramidal 



Pig. 124.— loo sbeatliod bouldor 1% 12fi.“-Soation thTough Houtliom loofciot, April, 1011. 

tops, which commenced to grow as rosettes here and there on the boulders (Plate LXXII, 
Chapter III). These spread rapidly, however, until the whole boulder was covered 
with the crystals (Fig. 124). Aiter this complete covering had been formed, growth 
proceeded so quickly that all visible structure was lost. The final result was a uniform 
coating of ice, which had fibrst much the appearance of the crust of a plum pie but which 
gradually lost this irregularity as it increased in thickness. 
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The southern side of the beach was thus completely sheathed in ice, and deposition 
went on slowly in the manner outlined above until the neid; storm. A diagrammatic 
section through the southern icefoot at this period would therefore be much as in 
Fig. 125, the component parts in April being : — 

1. Snow-drift to the windward of the icefoot. 

2. A wall of small rounded pieces of brash ice (Plate CCXV). 

3. A line of stranded floes and small bergs (Plate OOXVI). 

4. Either a tidal platform, if the bergs reached sea level, or an ice-swathed beach 

if they did not. 

■ 

The ice boulders which made up the wall of brash ice on the shore side of the icefoot 
were singularly well rounded. When split open, they proved to possess a core of 
sea ice. Round this core was formed a layer from half an inch to an inch thick of very 
clear ice, which was altogether free from bubbles (Kg. 126). The outer layer might be 
the result of deposition from sea water while the block was being tossed about by the 
sea, or it might have marked the distance to which the sea water had been able to 
penetrate and flU up the air cavities in the original ice. 

Although the main action of the gale had been one of deposition, the effect of the sea 
as a denuding agent had not been negligible, and the net result had been to remove the 



Hg, 12fl. — ScMi-waHhocl ioo boulder. Fig. 127. — Section through last yearns Icefoot. 


icefoot further up the slope of the beach, thus leaving room for an extension in width 
during the next calm spell. Kg. 127 shows a section through one of the many places 
where the effect of the gale upon the former icefoot was quite clear, and a deep bay had 
been cut into the old ice. 

The edge thus left was often very much undercut by the sea ; while the old 
ice, which was the result of some of last year’s storms, was so full of basalt pebbles as 
to appear black, even in small fragments and in thin sheets. 

This sprinMihg of ice with gravel is quite a feature of icefoot-formation under surf 
conditions such as have just been described. When there is a noticeable swell, as there 
usually is at Cape Adare, a dark-brown strip of water always extends for 60 or 100 yards 
from the icefoot. This strip receives its colour from the flne basalb dust held in suspension 
in the water. 

Mention should be made here of the occurrence of ice-forms similar to the type of 
pack ice known generally to the Expedition as Swan-Ice.” This ice oocuired along 
the southern icefoot even so late as April. That the sea must have had some dissolving 
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Fig. 128. — Swan ioo at Gape AdaiD» 
April. 1011. 


action at that time was proved by the appearance of the narrow necks which characterise 
this type of ice. 

Fig. 128 is a diagrammatic section of some of the small pieces stranded at the edge 
of the icefoot on April 6, at a time when the main action of the sea was certainly in 
the direction of deposition. It is possible that the 
water bathing the icefoot, having deposited com- 
paratively fresh ice on the walls of the latter, was 
slightly more saline when it fell back into the sea, 
and was thus able to dissolve a certain amount of 
ice from the isolated boulders a short distance to seaward. Certainly these necks 
did appear, though they were at this time almost confined to fragments of ice lying in 
isolated positions to seaward of the main wall of the icefoot (Plates CCXVII and 
COXVIII). 

The stranded floes and bergs which have been mentioned as forming the second 
line of the new icefoot were already covered thickly with spray, and large masses of 
seaweed had been thrown up on them and frozen in. The spray ice was of a greasy 
white colour, and very full of air and salt, both of which seamed the ice as a network 
of unastoniOising veins and gave to the storm icefoot its characteristic appearance. 
The spray was all deposited as rough bulbous crendlations, with ridges and troughs 
dipping steeply in the direction from which the wind blew (Plate COIX). 

During the next few weeks, the growth of the southern icefoot oontmued steadily 
during calm wcatlier by addition to the tidal platform, which increased in width until it 
commenced to fill \xp the spaces between the stranded floes and bergs (Plate OOXIX) ; and 
during gales, by the addition of spray and of beds of gravel, which was thrown on the 
lower portions of the icefoot (Plate COXX), Thus, during a prolonged calm spell, 
it woxild increase notiooiibly in. width ; while, after a heavy sea had been at work for 
some time, the width of the icefoot would decrease sensibly owing to the removal of 
the seaward portions. This decrease in width, however, would be far outbalanced 
by tlio ac(iompanying increase in height. 

Towards the end of April, the sea ice began to remain in the bay, in spite of the 

onslauglits of the paclc and wind. From now on, until the May gale, the pack 

was shut out of Bobertson 

Bay, and the pressure of 
this heavy ice on the new 
ice of the bay caused 
the addition to the icefoot 
of heaps of pressure ice 

Fig. ISO.—PwHHuro ioo addtul to tho ioofoot in April, 1011. 

This addition, was partly permanent, though in many cases much of it was removed 
by the succeeding gale. 

After the formation of the sea ice, the icefoot never grew much in breadth, for, as 
fast as the tidal platform widened, the extra width was removed, whfle stiU damp and 
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soft, by the trituration of the sea ice as it rose and fell with the tide. It is to tlie early 
formation of the ice in the bay that the compaiatwe narrownew of this portion of the 
icefoot, compared with the width afterwards reached by the tidal platform along the 
northern icefoot, must be attributed, 

The “ SoTJTHEitN ” Cliff Iokfoot, 

A similar sequence of events bad marked tbe formation and growth of the southern 

portion of this icefoot, but, in spite of 
similar weather conditions, the latter 
took on an entirely different shape. 
This may be attributed to the shape of 
the portion of the bcac-li on which it 
was formed. The screes fell sharply to 
the sea level from Cape Adarc, and it 
was these steep screes that gave the 
predominant cast to the shape of tlie 
icefoot. Fig. 130 is a diagrammatic section through the new icefoot (Plato CCXX.) 



The “Northern*" Iobfoot. 


Tbe formation of tbe icefoot, at tbe nortbem end of tbe beach, proceeded in a markedly 
different way from that already described, and this difference was mainly duo to the 
fact that the greater part of the spray from tbe swell, which was here the chief factor of 
deposition, was blown offshore as fast as it was formed. The sea producsed by the 
southerly gales had little or no effect on this north shore, except in the single otiso of 
the May gale. Its absence, however, was more than compensated by the ocusosional 
action of a much heavier swell from the north, which was sufficient to hurl huge boulders 


contaming many tons of ice some 20 or 30 yards beyond normal high-water mark 


(Plate CCXXI). The chief 
characteristic of the nor- 
thern icefoot was un- 
doubtedly these large 
rounded boulders of ice 
(Fig. 131), some of which 
were fragments of Racier 



Fig. 181. — ^loe bouldeiB hurled by tho uwidl »m tho norihorn ftt 

Oapo Adare, March, 1011. 


bergs, but more of which were heavy pressure floes derived from tho pack which was 
ever circling past the entrance to Robertson Bay. As these blocks had been covered by 
a certam deposit of ice during their bath in the swell in March, it was for some time 
impossible to gain any idea of their general structure, though the structure of parts of 
them was made out when ice was being taken for domestic purposes. It was not until 
much later in the winter — ^when ablation had removed 2 or 3 inches from their 
wmdward aides ^that the structure of several of the largest was betrayed in detail 
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by the arrangement of the air-tnbes and bubbles within them. Then we found, to our 
surprise, that these giant boulders, whose smallest dimeusiou was, in some eases, as 

much as 12 feet, were often made up entirely of blocks of pressure ice cemented together 
with frozen spray and sea water. 

The structiure of one of the bergs in q^uesfcion is shown diagrammatically in Fig. 132. 
In spite of its origin, the ice was so fresh as to be readily used for cooking, and only the 
very slightest flavour of salt was to be detected by the 
most sensitive palate. 

The spaces between those boulders which had been 
thrown farthest up the beach were filled with gravel 
banks, heaped up by the same heavy swell and kept 

in position by the ice which formed a cement between 
the pebbles. 

Spray-coated snow-drifts were also prominent, 
while a tidal platform of far greater width than that ^ of j)r(»HHuro 

along the southern icefoot had conimenced to form betwooxi high- and low- water iiuirk, 
as in Plato CCXXII, showing the icefoot at Inexpressible Island, TJic formation 
of this platform was much aided by the absence of sea ice, which formed 
much later hero^ than in the bay. Once formed, the icefoot was protected by the 
preservative acbioii of several large floes wliicli were stranded along the beach. It 
was also greatly extended by the growth outward from the shore of huge masses of the 
frazil crystals described iu Chapter III, under the heading “ Anchor-Ice.” 

In spite of one or two minor winds in April, the chief additions to the icefoot during 
that month took the form of increases to tlie widtli of tlio tidal platform, wliicli, only 
occurred in those places where tlie sea ice did not press too closely against the sliorc. 
On the 4th of May, liowover, tlie whole of the sea i(?c was removed by the opening gusts 
of the great ten days gale, and, during tlie next ten days, tlie icefoot, both, to the nortli 
and south of the beocli, trebled, and even quadrupled, in size. 

Very little has been said, so far, in tliis description, of the cilect and tlie cliaraotoristic 
appearance of the frozen spray carried over the southern icefoot of the foreland by 
these blizzards ; and this is best treated in connection with the present gale, when its 
effects were certainly most noticeable. During a gale from the east-south-east, the usual 
direction at Cape Adare, the wind blew rather off the icefoot than towards it. l?he effect 
of the spray at such times was, therefore, ooiifuied to the immediate vicinity of the 
shore, wliere steep deposits a few yards only in breadth were built up (Plate COXXIII), 
During the latter part of the May blizzard, however, the wind swung suddenly 
to the south, and blew from that direction for several days, slightly less strongly than 
from the former quarter, but still with suffioient force to raise a heavy sea. The result 
of this change of direction was at once evident. The spray, instead of being blown 
almost parallel with the icefoot, was now carried directly inshore. During tliese three 
or four days, thousands of tons must have been added to the icefoot as spray ice.” 
From being formerly a comparatively narrow strip 20 yards wide at the most, the icefoot 
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rapidly spread shorewarde until it encroaohed on the habitable portions of the penguin 
rookery. At the same time, all bhe greater depressions at the back of the high narrow 
storm icefoot of former days were fiUed with pools of slush, resulting partly from spray, 
partly from whole green seas which dashed over the outer wall. 

The effect of the seas was equally well marked along the northern icefoot, for the 
offshore wind was practically powerless to stop the irruption of these huge waves which 
dashed over the lower portions of the icefoot and filled up the depressions within it. 
At the end of the gale, when the sea was faUing, and it was possible once more to view 

the icefoot closely, there 
was no single feature, ex- 
ceptmg only perhaps some 
of the largest stranded 
floes or bergs of particu- 
larly striking shape, that 
was recognisable as one 

Fig. 133.~Se6tion throiig]! sonthom icefoot, after the AEay gale. of the former landmarks. 

All that was to be seen 

was an endless series of spray ridges and crenellations, while the effect of the sea spray 
spread far beyond. the icefoot proper, even malrin g itself felt on the cliffs of Cape Adare. 
To w^d/wwrd of nearly every projecting boulder on the beach, a small triangular deposit 
of spray, which was regulated in size by the size of the pebble, had formed (Fig. 113). 
The position of these triangular deposits is interesting, as showing that their presence 
is due to direct impact of tiny drops of half-frozen spray, as opposed to the deposition 
of snow-drift in the lee of similar projections. 

The icefoot increased in height during this gale until it averaged from 8 to 12 feet 
thick behind the seaward ^ WM 

boulders, while some of 
these latter where half as 
high again as they were 
before the gale. Fig. 133 
gives some idea of the 
relative proportions added 
to the southern icefoot by 
spray ice and frozen sea 134.— section through northern Icefoot, after tlio May gnlo. 

water during this gale, while Fig. 134 is a section of the northern icefoot, showing four 
types of deposition which took place at the same time. The two methods of increase 
which have not yet heen mentioned, and which are more interesting than signiflcant, 
are the addition of large quantities of seaweed washed up on the seaward edge of the 
tidal platform, and the formations of drifts of fine sand to windward of all high 
prominences. 

One type of deposition on the icefoot, which was especially well developed during 
this gdle, took the form of the large beds of small pebbles which have already been 
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mentioned as the larst portions of the icefoot to disappear in summer. During the 
short April blizzards, beds of this t 5 T)e had frequently been deposited, but never on 
such a large scale as at this time. In the depressions at tlie back of the seaward bluffs 
of the icefoot, gravel beds 2 or 3 feet in thickness, and often many square yards in extent, 
were formed. These were immediately covered with frozen spray and slush, and hidden 
until ablation, denudation, and thaw had done their destro 3 dng work during the 
winter, spring, and early summer, when they once more appeared, to become favourite 
basking grounds for the penguins. Such beds were easily distinguished from tlie rest 
of the beach, by the uniform and small size of the pebbles which composed them and 
by their level surface. 

In order bo explam the occurrence of the grit beds in Fig. 134, it is necessary to 
refer to the second important influence which a strong wind exerts on the icefoot, if 
prolonged for any time. This is the ablative and drift-chiselling power of the wind. 

The gales at Cape Adore were usually free from snow, except in their early stages ; 
but such snow as did accompany the wind was carried along at such a speed that it 
had a disproportionate effect on the snow and ice-formations in the neighbourhood, 
while the gales were so powerful that a considerable quantity of rock dust and small 



Vif;. 135.'^I<!xamx)l(»K of ablalion ofluut^i of tho May gate. Fig. 130. — •WoathonHl loo houlilor, 

Hliowiiig proJootUui of griMailiMi ioo. 

pebbles took part in the work of denudation. It was these last, in combiimtion with 
similar rock dust obtained by concentration from the blocks forming the ic:efoot itself, 
that formed the deposits of grit shown in Fig. 134. 

Even when the wind carried no visible drift, its effect was by no means small ; for, 
everywhere, during and after such a gale, the signs of true ablation along the northern 
icefoot were very marked wherever they had not been masked by tho deposition of 
spray ice. 

Some examples of the effect of this process are seen in Figs. 135 and 1.36. ’iPhey 
depend for their value on the fact that the ice of the boulders was not by any means of 
uniform constitution. In particular, Fig. 135 shows a boulder that had been lightly ^ 
covered with spray ice and had then been exposed to the action of a powerful wind for 
some time. The result had been the etching of a series of ablation ripples on the wind- 
ward side of the block, while, on the leeward side of the block, the outline remained 
comparatively unchanged. Tho effect of the ablation was particularly well shown at 
the stage when the figure was drawn, because the spray ice-covering had been removed 
everywhere, except from the summit of the ridges between the ablation troughs. The 
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white greasy appearance of the few remaining scraps of ice shovvetl up remarkably 
well against the dark greenish-blue ice of the glacier boulder. 

Another example of differential ablation shown in l?ig- 13(? may bcs attribiited to the 
presence of layers of ice laden with grit in ice blocks which were mainly free h'oiii foreign 
inclusions. These blocks had come presumably from the remains of some former 
icefoot either here or elsewhere, and had been thrown up on the beacJi by the autumn 
swell and there frozen in. They had then gradually decreased in size under the influence 
of wind after wind, and to a less extent also in the calm spells betweein and the grit- 
fOled beds had weathered less quickly than those of pure ice. The former bad tlms been 

left projecting out of the ice, giving the irupi*csHioii 
in some cases of a bed of looscly-cohcrcnt volcanic 
tuff. 

Yet another effect of the ablation was par- 
ticularly well seen in the (*asc of tlic boulclerK at 
Rg. i37.-Denndationai effect of heavy eea. northern end of tlie northern icefoot. ThCBO 



were hurled up the shore of the beach at the time of a most tremendous swell, and 


they lay opposite to a part of the beach which was composed of niiudi smaller material 
than was to be found at most places. A good deal of this fine grit luid been thrown over 
the blocks and frozen into them during the time they were bathed in the swell. The 
boulders at this portion of the icefoot were therefore quite dark in colour, owing to the 
included grit. Now that they had been exposed to the wind for some times they had 
quite an irregular surface, the grit standing out all over them as little angular projcM'tions. 

Lastly, the denuding influence of the sea produced by the gale should bt^ meuitioned. 
This manifested itself clearly in the partial destruction of the tidal j)Iatform, wliorevcsr 
the latter did not rest directly upon the gravel or boulders of the beach, and in the 
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undermining and removal of prominent points of the icefoot. Where, however, the 
tidal platform did rest directly on the beach, it usually resisted the action i)f the waves. 

The only result the sea 

then had upon it was to ^ C Z” ' \ 

absorb it into the storm ^ {/ , ^ ’ h* 

icefoot by the deposition 

of brash ice, pressure, and i«o i. •. 

, * * ^38. — OoneraliBed section through th« northern icHtfnol, ti» illiiHlmto 

spray upon its flat surface. denudation proocHutH. 
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Fig. 138. — Ooneralised section through th« northern icHtfnol, ti» illiiHlmto 

denudation prooeowtH. 


At the end of the gale, the tidal platform, as such, certainly appeared to have gone, hut 

in most cases it still existed in the interior of the new icefoot. Fig. 137 illustrates tliis 

denudational effect of the sea on the tidal platform particularly well. It is a section 

through the latter before and after the gale at Tidepole Cove, where the relative advance 

m r^^t of the ice was shown up by its relation to the pole by which the rise and 

^ of the hde was measured (Plate OCXXIV). The figure shows the effect of the first 

y 8 sea. t is ea^ to see that at the end of ten days very little of the tidal platform 

tiio « ^ places, A generalised section of the northern icefoot, showing 

the effect of the different denudation processes, is seen in Fig. 138. 




The undermining action of the sea was also quite oJffeotive. By a combination of 
“ assault and battery ” and solution, the tidal platform which had been formed between 
the stranded bergs right within the body of the icefoot would suddenly be broken through, 
and a “ blow-hole ’’ formed such as may be seen in many of the rocks of our own coast. 
Through these “ blow-holes ’’ would bo hurled large quantities of water, brash ice, 
seaweed, &c., and thus portions of the icefoot, wliich would have been protected from 
the direct action of the waves by the bulwark of the seaward boulders and spray-covered 
drifts between them, were speedily filled with ice and pebbles. It was in the nei^bour- 
hood of such holes that the majority of spray ice which was to be found on the northern 
icefoot occurred. 

Another method by which similar holes wore formed was, of course, by the widening 
of the tidal platform, growing outwards from three or four bergs near to one another. 


ChANUBS in the IcEEOOT ntJBING THE WlNTlfltt. 

Immediately after the cessation of the May gale, the ice formed again in llohortson 
Bay ; and this time it remained fast until the next sunmier. No further (shango took place 
in the manner of growth of the southern icefoot, and the chief visible modifications were 
those due to pressure and to temperature changes. 

Along the northern icefoot, on the othei* liand, the strong tides managed to koei) 
a comparatively clear space for a week or ten days. Here, with the low wintoj: 
temperature, the tidal platform grew seawards witJi extreme rai)idity and with great 
regularity, reaching a width of over 20 yards in places. Tim platfoim became 
decidedly the most cJiaracjteristic feature of the northern icefoot during the (murse of the 
winter, for its growth was much heliied by the fact that three or four of the winter gales 
removed the sea ice from along tliis shore of the beach, and thus permitted fresh growtli 
along the icefoot. 

The sole other method of increase in the size of the icefoot during the winter montlis 
was an insignificant deposit of hoar-frost — a deposit which has not been mentioned before 
because its effect during the spring and early winter was more than neutralised by the 
ablating influence of the wind. The calm winter months, however, were frequently 
imirlcod by a saturated atmosphere, which was probably due to the continued presence, 
of open water to the north and east. The hoar-frost, though relatively insignificant in 
amount, gave rise to several distinct phenomena, amongst which the formation of ico- 
flowers along tlie seaward edge of the icefoot was perhaps the most striking. A heavy 
deposit of crystals on the icicles of a cave in the icefoot is shown in Plate LXXXIX, 

Much might be said, also, about the formation and modification of the icicles which 
fringed the icefoot here and elsewhere. An icefoot, facing as it does on an open sea, 
and subject as it is to the effect of spray, tides, and swell, must necessarily be a 
peculiarly favourable stituation for the study of different forma of icicles. 

These have, however, been fully dealt with in the section on icicles in Chapter III. 
Some of the photographs which illustrate the present chapter will be seen to show icicle- 
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formation, and, in many, the cliaraoteristio bluntnesa of outline and the fantastic 
shape of salt-water icicles and their drift modificationfl are well portrayed. 


Chanoes jn the Icefoot due to Temperature and Pressure. 

The result of a sudden change of temperature on the icefoot is well seen in 
Plate OOXXV, while similar split blocks are shown diagrammatically in Fig, 1 39. The 

most noticeable cases occurred when 





Bonldoi split temperature changes. 



Fig. 139. 


large boulders had been undermined 
by the action of the heavy sea during 
the April and May gales. The over- 
hang of the seaward end of the 
boulders w'ould be emphasised by the 
accumulation of huge masses of sea 
spray upon them, and there seems no 
doubt that in some cases the weight 
of this superincumbent load of spray 
ice was in itself sufficient to cause the 
fracture. 

Strain cracks began to appear, 
however, in many of the stranded 
bergs along the icefoot to which this 
explanation would not apply. These 
must be directly attributed to the 
influence of sudden changes of temperature, an agency which was probably not 
ineffective in hastening the fracture of the overhanging blocks. 

The arrival of these cracks usually coincided with the fall of temperature at the 
close of a blizzard, a sudden fall which also had disastrous effects on the neighbouring 
snow-drifts, especially when, as in 
Fig. 140, the latter had been weakened 
beforehand by a change in direction of 
the drift-bearing wind causing holes 
to be drilled through the snow-drift. 

The formation of the new sheet of sea ice in Robertson Bay, after the May gale, 
was followed by several days of light westerly wind which appeared to be associated with 
strong westerly gales to the north. This was fully borne out by the behaviom of the 
pack. The latter must have been swept some distance northwards by the strong 
southerly wind at the commencement of the month, and its absence gave the new sheet 
time to form and grow strong. 

It now returned swiftly and piled itself up against the seaward edge of the Fast-Ice, 
producing a chaos of pressure ice near its junction with the latter. A wedge of the 
pack then forced its way right into the bay, with the result that the ice in the latter 



Fig. 140. — JSfieot tempentnre ohango on mowr-drlft. 
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was pressed eastwards and westwards, and was piled in huge masses on the icefoot 
at Cape Barrow and at Cape Adare. With such force did the irruption take place, 
that many of the blocks of the Ridley Beach icefoot were tilted considerably out of the 
perpendicular (Fig. 141), while, in one or two cases, the top portion of a block was 
sheared right o£E, as in Fig. 142. (Plate CCIX.) 

The pressure ice left on the icefoot was, however, never cemented together by sea 
spray, and so was not incorporated permanently in the icefoot, being easily detached 
when the sea ice broke up in the middle of the following sununor. 

Mention has already been made of the draining of salt from the blocks stranded 
along the icefoot, and of the gradual change in the internal structure of the ice of some 
of these blocks. Both changes continued throughout the winter, the former being much 
facilitated by the high temperatures which prevailed in tlie blizzards, while tlio latter 
change was most noticeable in tlie outward growth of the granular structure of the ice 
of glacier blocks into the spray covering which siuTounded them. The only other 
change worthy of notice which occurred before the summer temperatures set in was 
the stranding of one or two fair sized floes along the northern icefoot, and their 



Fig. 141. — Blook tUtod by pn^HHure. Pig. of ioo bluok faiiltod oil by x^nwBum. 

incorporation in the steadily growing tidal platform. ^J'his took place at those times 
when leads were opened during the July and August hurricanes. 

SuMMEE Changes in the Ridley Beach Icefoot. 

During the spring and early summer, sledging parties were constantly absent from 
the beach for a week or a fortnight at a time, and, on their return each time, an examina- 
tion of the icefoot was made. For some weeks after the sun had returned, however, the 
only way in which its influence could be traced was in an increase in the number of 
icicles depending from the overhanging portions, and in a slight speeding up of the rate 
of ablation everywhere. KTo marked change, and especially no marked thaw, was 
observed until the beginning of November. A gradual blackening of the icefoot, owing 
to a concentration of the grit contained in those portions of it which had been formed 
during storms, and a dwindling and rotting of the spray ridges along the southern 
icefoot, were the most noticeable features of its slow decay. 

After the beguming of November, however, the sea to the north of the beach began 
to open up, and the influence of the sun on the water to make itself felt ; while, at the 
same time, its direct influence on the icefoot began to be really destructive. The effect 
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of tlie sea water was soon seen in the undermining of the tidal platform and its gradual 
crumbling from the seaward edge, while the general effect of the thaw is well described 
in a note made on November 23 : — 


The northern icefoot is only a shade of its former self. On the seaward and 
sunny side the boulders are all deeply corrugated and pitted by the thaw. All 
the snow drifts are rotten, and give way under the foot ; while in every depression is 
a pool of yellowish brine, discoloured by the drainage from the penguin rookery. 
The latter are thinly iced over, and are in places 2 or 3 feet deep.” 



Fig. 143. — Spring and aummer outiine of iho ioofoot oontraated. 


A good idea of the appearance of the summer outline of the icefoot at this stage, 
as compared with its spring outline, is given by Fig. 143, in which the dotted lines 

represent the spring out- 
line. 

After it had once 
started, disintegration pro- 
ceeded apace, and the work 
of the sea and the thaw 
was much aided by the 

streams draining off the beach. These were warm and heavily charged with salt, and 
rapidly out channels for themselves through both storm icefoot and tidal platform. 
The icefoot was everywhere liable to give way under an unwary footstep, letting one 
down into pools of brine, while it was everywhere divided into segments by the streams 
cutting across it from the beach behind. 

As the icefoot thus dissolved, large rotten pieces would continually fall from its 
seaward edge. Once the sea ice had left the shore free, the pack once more swept 
past the beach, and the big floes ground along the shore and carried off huge pieces of the 
icefoot. 

By the time the Northern Party left Cape Adare m January, 1912, the 1911 icefoot 
was in truth but a shadow of its former self. Its subsequent history can easily be 
inferred from our experience elsewhere in the Antarctic, and from the appearance pre* 
sented by the previous year’s icefoot in February, 1911. 


GeOLOGUCAL SlGIUFICAlTCE OF THE AnTAEOTIO IoEFOOT, 

Apart from the importance of the icefoot to sledge parties travelling round the 
coast, the formation has a highly significant geological effect. From this point of view 
alone, a detailed description of its life-history is justified. A similar ice girdle must 
surround such portions of the coasts of lands withm the Arctic circles as are not fringed 

with glaciers, though it seems unlikely that the Arctic icefoot is so persistent as that which 
borders Antarctic lands. 

The chief geological effect of the icefoot is undoubtedly the conservation of the coast 
to which it is attached. The only months in which, normally, wave erosion can take 
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place along the shores of the Antarctic continent, are February, March and April. Very 
seldom will the icefoot have been entirely removed in January, or not have recom- 
menced. to form before May. While the icefoot is present, the abrading influence of the 
waves 18 largely expended upon these semi-permanent deposits, and erosion by wave 
action is reduced to a minimum. It is, indeed, only in peculiarly favourable situations 
(as will be seen in the Physiographical Memoir)* that wave erosion plays any 
important part at all in sculpturing the present Antarctic coastline. Almost everywhere 
its effects are cither absent, or masked by the speedier action of other agents of 

The icefoot thus exercises a profound influence upon the rate of dATind ati on of 
tho coasts which it borders. 

Hicss conspicuous, but possibly even more far-reaching in its consequences, is the 
work CfUiried out by portions of the icefoot as a rock-transporting agency. In extent, 
the action of the icefoot in tliis way is probably less important than that of sea ice, 
for most of the rock fragments carried on blocks broken ofE an icefoot will be deposited 
comparatively near their place of origin. Occasionally, however, blocks of considerable 
size must be I'arriod many hundreds of miles along the coast. 

Very fine examples may be cited from the experience of the present Expedition, 
llie Northern Party found on tho shores of Inexpressible Island, in Terra Nova Bay, 
Hovoral large fragments of ken3rfce. There is no reason to suppose that this particular 
rock oc.curs m S'iki any nearer than New Harbour, some 200 miles further down the 
coast. Indeed, it is practically certain that kenyte does not exist at any place, much 
closer thaTi Ross Island, from which these blocks could have reached their present position. 

From their occurrence near sea level, on what is undoubtedly a raised beach of 
water worn boulders, the evidence is overwhelmingly in favour of their having been 
(iarried to their present position either by sea ice or by blocks of icefoot which have 
been brought north by tho Ross Sea current, caught up in the eddy in lee of the Drygalski 
Ico-Toiiguc, and then stranded upon the beach. 

It is an interesting — ^though entirely fortuitous — ^fact, that the rocks which afford 
such strong evidence of the transporting effect of floating ice are genetically allied to 
the “ rhomb porphyry,” wlxich has played such an important part in the controversies 
which have sprung up around the subject of the European glacial period. 

Certainly, these kenyte boulders could not have been carried to tbeir present position 
by ail extension of the Ross Barrier, or its former western component, the predecessor 
of the Koetblitss Glacier, which is responsible for the presence of the high-level moraines 
on Ross Island. No conceivable circumstances could be imagined which would have 
enabled this ice from the south to override or thnist aside the predecessors of the 
Drygalski Ice-Tongue, the Hell’s Gate Piedmont, and the other great ^aciers which 
flow down the valleys of the Antarctic Horst at this point. AH the erratics which 
have been left on the heights of Inespressible Island are rocks quite clearly derived 
from the mountains to the west. From the height at which these erratics occur, it is 
clear that there must have been a great increase in the volume of the ice pouring away 


* “Physiography of the Robortsoii Bay and Terra Nova Bay regions of South Victoria Land. 
R. E. Priestley. 
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from this coast at approximately the same time as the maximum of the great ico-floocl 
further to the south. 

Further evidence of the transporting action of the icefoot, and of the effect this 
action must have in “ miirmg ’’ geological deposits, was afforded by the incorporation in 
the ice-foot at Cape Adare of blocks quite clearly derived from the icefoot of the previous 
season and from some other portion of the coast. These blocks were crowded with 
gravel and larger rock fragments, and when they were melted in the summer, 
these foreign fragments were added to others on the beach. Such action, repeated 
an infinite number of times, may go far to account for the much larger proportion 
of rook of foreign extraction present in the beach deposits at the Cape than occurs 
on the peninsula itself, though a more probable explanation is advanced olsowhoro in 
this memoir. 

Deposits of rock formed under “ icefoot ” conditions were not frequently scon, 
owing to the absence of shallow- water conditions along the coast of Victoria Ijand. 
"Where such deposits did occur, however, as at the beach at Cape Adare, they wore of 
significant size. It is not claimed that the Cape Adare shingle and gravel spit was 
formed through the agency of the icefoot, but certainly the greater portion of the material 
has been re-sorted by this agency, and the surface features of the beach foreland can bo 
plausibly attributed to the action described in the foregoing pages. 

This question wiH be more fuHy described in its proper place. The fact is, however, 
significant in the present connection for, geologically, the most interesting feature 
of the study of the present ice conditions in both Arctic and Antarctic lands and seas, 
is the possibility thus opened up of drawing inferences as to the conditions under which 
older deposits were laid down. 

The characteristics of beach gravels laid down and re-sorted under icefoot coiiclitious 
should be : — 

(1) A somewhat undulating surface, 

(2) Extremely diversified examples of false bedding. 

(3) The intercalation of beds of small material with others of much larger material* 

(4) The presence of pockets and lenticules of sand. 

Contortion would usually be absent altogether, though faulting of the deposits 
•might complicate the structure on a small scale. In this absence of contortion might 
be found the most likely criterion to distinguish such deposits from those formed in 
the body of, or in front of, advancing glaciers. The outstanding feature of the conditions 
under which an icefoot is formed, is the absence of any large force acting for a long time 

in one direction at a slow enough speed to enable the ice to adjust itself by molecular 
rearrangement or by regelation. 

Movement would either be absent, or would be such as to cause fracture^ examples 

eing the impact of pressure ice or floes, or the hurling of blocks of ice against the 
icefoot by a heavy swell. 
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CHAPTER X. 


ANTARCTIC FAST-ICE .• 

I 

(A) Methods oj Formciion. 

(1) First Growth. 

The initial stages of the fonnation of sea ico in the Antarctic may be seen at any 
period of the year. 

The “ Terra Nova,” in her passage through the pack in the middle of the summer of 
1911-12, encountered large sheets of fresh “ black ” ice a very few inches thick, 
which had evidently formed between the floes and on the “ leads ” of open water 
during the last calm spell. Later, on her arrival in McMurdo Sound, the ship s 
way was completely stopped, when still some distivnce from the last yejir s ico, 
by an expanse of similar new ice, which increased in thickness ns the old ice was 

approaclied. 

These ice-sheets formed during the summer months are, however, evanescent. 
They may be remelted by a slight change in atmospheric conditions within a few hours 
of their appearance. If they survive for a sufficient time to become coherent, they are 
invariably, so far as our experience goes, broken up into “ floes ” and carried off to the 
north by the wind and current, and are then speedily melted by the summer sun of lower 

latitudes. 

It is not until the late autumn that the sea ice* begins to show signs of persistence, 
and it is at this time that the methods of formation are best studied. 

The first indication of the freezing of the sea is the complete obliteration of the 
imiTinr rnfflinga of its surface, SO that large tracts assume a greasy, oily appearance. 
Under favourable conditions the scum of ice crystals which causes these calm patches 
spreads, until the whole sea within sight is tranquil. If a bucket of watra is drawn 
from the sea at this stage the water is seen to be covered with a free-floating layer of 
small plates of ice. These crystals are flat, about J inch to |- inch across, and less than 
i^i-inch thick (Fig. 29, Chap, 11). The first-formed crystals lie horizontally on the 
surface of the water. Plate CCXXVI shows the appearance of a sheet of young 
“ black ” ice formed under calm conditions. 

• Sea ice definitiooB will bo found iu Chapter XI, on “ Pack-Ice,” 
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If tlie sea. xemams peifectiiy calm^ tiiie sheet of ice thickens gradually from below, 
the crystals becoming closely cemented together so that, after a lapse of 48 to 72 hours, 
the ice may become sufB.ciently strong to bear the weight of a man. 

Should the sea be under the influence of a swell at the time of freezing, the sheet 
formed is at first sufiS.ciently plastic to give to the movement. The long undulations of 
the swell, although diminished in amplitude, can still be very definitely discerned in the 
ice sheet. The appearance of the sea at such times has a close resemblance to that of 
a field which has been allowed to lapse into pasture land after having been ploughed for 
many seasons. 

Ab the ice sheet thickens, it becomes less and less plastic, until finally the whole 
mass may be broken up into small angular pieces by the swell. These, rubbing against 
each other with the movement of the water, have their angles ground off and their 
edges turned up, for mi n g the “ pancake ice ” which is such a feature of the Antarctic 
seas in the autumn and winter (Plates OOXXVII and OOXLVIII). 

An extremely pretty example of the formation of a pseudo-pancake ice is often 
seen where drift is blowing off the face of an ice-cliff into the sea. This drift, provided 
the temperature of the water is low enough, forms into miniature pancakes, which are 
frequently no more than 1 inch in diameter, but which act exactly as do their larger 
relatives. 

The part played by such drift in the formation of sea ice is by no means negligible, 
and, off the ice fringe which borders so large a portion of the Antarctic Continent, it 
must have an appreciable effect in advancing the date at which the sea becomes frozen 
over in the winter, and still more in increasing the amount of ice which forms during 

the late autumn, only to be broken up and driven north by the autumn gales 
(Plate COXXIX). 

On February 19, 1908, the “ Nimrod was undoubtedly preserved from destruction 
by the fact that she steamed into an area of this slush which considerably reduced the 
size of the waves with which she had to contend. 

The component cakes of pancake ice vary greatly in size, but usually they are 
between 1 and 2 feet in diameter. Several of these smaller cakes may unite to form 
larger floes, which in turn may be rounded off into pancake form (Plate CCXXX). 

Another heavy type of 
pancake frequently met is 
formed by the growth of 
new ice round a nucleus 



Oompound panoaJce. Fraunro-floe poao&ke. lOrmCCL DV an Old. " ilUm- 

rig. 144. 

mocky” floe (Fig. 144). 

Tte size of lie normal pancakes is evidently dependent upon the thickness reached by 
the ice before it is broken up by wave action. 


Fig. 144. 


PreflBUTB'floe panoake. 


num- 


If the cold weather holds and the ice is not driven out by wind, the water between 
the pancakes next freezes and a continnous sheet is formed. From now on, growtih 
becomes normal for calm conditions. Hiat considerable stretches of sea ice owe t-Tiair 
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origm to this process is clearly shown later in the year, when ablation has emphasized 
the structure ot the ice. 


At first the sea only freezes over under favourable conditions, but as the 
year advances and this first-formed ice is removed by the violence of the 
winds, the work is re-done under much more frigid temperature conditions. As 
the temperature falls, even the strongest winds only succeed in opening the sea 
for a period of time strictly limited by the duration of the gale. Directly the wind 
drops, the ice crystals already present increase in number, and cohere, and the sea 
rapidly calms. 

Striking examples of this phenomenon occurred after each of the more important 
gales at Cape Evans and at Cape Adare, and two typical cases which occurred at the latter 
place may be cited here. 

At 8 a.m. on the morning of April 20, the sea had been swept clear of ice by a 
southerly gale and the wind had ceased. By noon, the new ice crystals had frozen 
together ; small pancakes had fonned ; these had had their edges ground up, and had in 
their turn been cemented together. The bay was covered to the westward os far as 
the eye could reach with a continuous slieet of ice 2 or 3 inches thick. The air 
temperature during this time had varied between 3® F. and 5** F, 

On May 4, a hurricane again removed all tlie sea ice from Bobortson Bay. The 
gale continued without intennissioii until the lObh, when it moderated for a few hours 
to a strong breeze. At 11 a.m. on tlie 10th, a heavy sea was breaking all along the 
southern icefoot of Capo Adaro, but by 2 p.in. the sea was covered with a thic^k coating 
of ice crystals. Only a slight heaving under tlio ice testified to the rec^ent roughness 
of the sea. The air temperature on May 10 liad a mean as high as H-IO” F., but the 
winter was then so far advanced tliat considerable cooling must have taken place in the 
main body of the sea water. 


One abnormal method of first-growth in sea ice is to be seen taking place in any 
holes which have been opened in the older sea ico by movements of the pa($k. The 


new ice crystals are carried 
against one edge of the older 
ice by the current, and the fresh 
sheet grows outwards from that 
side of the hole (Fig. 146). This 
method of growth was also 
observed in the waterholes off 


GaptOOydi 



r'lg. 145 . — Growth of new floa loo in ** watorholo ” in tho pack. 


Hut Point in April, 1911, but the effect was probably accentuated by the small 
wavelets caused by the wind. 

Bough observations were made of the rate of formation of the new ice at Cape 
Adare, hut the only place where accurate measurement was possible was at the surface 
of the fish-trap hole, which had to be cleared before the trap could be raised or lowered. 
Here, the presence of thick older ice all round the new ice modifi.ed temperature con- 
ditions and probably increased the rate of growth. 
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The following table gives the measurements it was possible to make before tho 
break-up in Juae removed the ice from within reach. The time which elapsed between 
observations and the mean air temperature during the period are also shown i 


Table XII. 


Date of obseiTvation. 

Thickness 

of 

new ioo. 

Time elapsed sinoo 
oommenoement 
of growth. 

Uncoixected 
moan air 
tomxoerature. 

May 6 

Inches. 

4 to 5 

Hours. 

48 

“ F. 

+ 0*4 

May 29 

1 to 2 

4 

—26 

May 30 

3J 

18 

—21 

June 3 • 

6 

72 

— 1 

June 5 

4 to 6 

48 

— 6 

June 9 

7ito9 

96 

-11 

June 11 

6 

48 

—20 

June 12 

4 to 6 

24 

—19 

June li 

6 

48 

—16 


In July and August, the speed of fonnation of new ice appeared to be quicker, but 
no complete observations were made. 

The formula derived by L. V. Sing, which is stated to be applicable to the rate 
of growth of a sheet of fresh-water ice, may be put in the form ; — 

(a!+ = + 

p IJJo 

where 0 = air temperature, 

X = tbickness of ice, 
t = time, 

L := latent heat of fusion, 
p = density of ice, 

K = thermal conductivity of the ice, 

h = B, constant depending on the eflB.ci©noy of the heat transfer between ice 
and air. 

No allowance is made in this formula for variations in the rate of growth due to 
percentage humidity, wind velocity, or direct radiation, except in the inclusion of 
the constant h. Of these factors, the efEect of the last is probably not large, and we 
have no exact information in regard to the probable magnitude of the heat transfer 
due to evaporation from the ice surface. Wind velocity, however, is clearly a factor 
of some importance. 

We have already seen that the amount of ablation of an ice surface is dependent, 
not only on the air temperatiure, but also on the wind velocity. In fact, under the 
conditions obbaining in the Antarctic, the loss by ablation with free exposure to the 
air was about proportional to the square of the wind velocity. The transfer of heat due 
to this cause results, theiefore, in an accelerated growth below direiotly due to the loss 
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by ablation above. As tb© latent heat of vaporisation of ice is much greater than the 
latent heat of fusion of ice, it seems clear that any loss by ablation on the upper surface 
is compensated to a greater or less extent by growth below. The amount of growth 
below Ciorresponding to a given loss from the upper surface will depend chiefly on the 
boundary conditions at the surfaces water-ice and ice-air and the water temperature. 

The rate of growth of the ice will depend upon the wind velocity in still another 
way. In cahu weather, it is clear that the air temperature very close to the ice surface 
will differ from tlio air temperature some distance above the ice, and it is probable that 
the heating effect of the warm ice layer will extend a short distance into the air above 
the ice in calm weather. No pronounced difference will obtain during high winds, so 
it is clear that any rigorous formula for the growth of sea ice should include a term 
wlii(3li would be equivalent to the interposition of a layer of poorly conducting material 
between the i<^e and the cold atmosphere, the thickness of this layer being some function 
of the wind velocity — great for zero wind velocity and small for large wind velocities. 

Ah pointed out by King, the formula given above allows the deduction that, for 
water temperatures above freezing-point, the ice cannot exceed a certain limiting thick- 
nesH, depending upon the air temperature. We have every reason to believe, however, 
that those conditions never obtain in the Boss Sea area ; before the limitmg conditions 
are wnicdied, tlw^ water temperature is so much lowered that it is effectively at freezing- 
point or below. In the latter condition, the sea is full of frazil crystals, which are 
d(‘poHitGd on the under surface of the ice-sheet, in amount more or less independent of 
tlu5 temperature conditions of the air above. No limit can he put to the growth of 
sea ice in these conditions — a point of very great importance, as will appear later. 

From the above (lisciission, it will be clear that any formula which will rigorously 
represent the rate of growth of sea ice will be an exceedingly complicated one, and that, 
in tlie pmsent state of our knowledge, any formula which we may derive can only be a 
rough appi*oxii!iation. It is certainly of interest, however, to examine to what extent 
the fornuila given above fits the experimental data which is available. Though numerous 
obBorvabions were made at Gape Evans on the thickness attained by the sea 
ice, ordy one series up to considerable thickness (1911) is available, since, in 1912, 
tlio ice never persisted for any length of time. Generally speaking, the formula fits the 
experimental data fairly well, until the thickness of the ice becomes considerable, after 
which the wo ituu'CJisos in thickness at a greater rate than that given by the formula. 
It iH considered that this is probably due to the deposition of frazil crystals on the under 
surface of the ice-slxeet, wliich only takes place in the late winter and early spring. For 
small thicknesses of ice and early winter conditions, the formula seems to fit the facts 
fairly closely. 

The curves showing growth in 1911 and 1912 at Cape Evans are given in Fig. 146. 

(2) Subsequent Gbowth of Sea Iob from Below. 

After the skin of ice has been firmly cemented and has quieted the movement of 
the water, the growth from below mainly consists in the addition of bundles of plates 
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arranged with their surfaces perpendicular to the surface of cooling. Except in the 
upper portion of the ice, these “ fibres ” are so loosely connected, that it is possible to 
pick the ice to pieces with the fingers, and it is difficult to prepare a section by sawing, 
since the ice crumbles so readily. 

At Cape Boyds, the headquarters of the Shaokleton Expedition, this was the only 
type of growth observed in 1907-9 ; but there seems to be no doubt that in many places 
the ice owes a considerable portion of its tliickness to the addition of frazil crystals. 

The term “ frazil was originally applied to fine spicular crystals and ice plates 
which formed in the Canadian rivers, and which were prevented by the agitation of 
the water from cohering to buM up a firm sheet. According to the description given 
of these crystals, the plates of ice which are carried by surface agitation and by currents 
well below the surface of the Antarctic Seas are of the same type. Wo have evidence 
that, in favourable positions, these frazil crystals rise to the under surface of the ice- 
sheet and sometimes form notable additions to its thickness. Growtli by this Tneans is 
particularly noticeable in the later montlis of the winter. 


Attention was first drawn to these plate-like crystals at Cape Adaire by tlieir 
occurrence in the dredge when a haul was made. I’hoy had evidently been collected 
during the upward passage of the net through tlie water. When the endless line*' 
method of dredging is used in the Antarctic in sheltered hays near the winter quarters 
of the expeditions, a loop of rope remains suspended in the water sometimes for a 
considerable time, and it is to such lines tliat the frazil crystals attach themselves most 
readily (Plate LXVIII, Chapter HI). On such a line, the individual phvtes may bo 
two or more inches across. Tliese plates are deposited in greatest number near the surface, 
and tail off very rapidly until they disappear completely at a depth of 3 or more fathoms. 

Inhere must usually be a considerable development of frazil ice whore the sou is 
occupied by heavy pack, as at Cape Adaro. The pronounced hrogularities of the under 
surface of thw ice m^t 

^ umulate and would 

subsequently become — niagrom Uluatratlng imovuii 8urfa(Mi of hummooky ioo. 

more or less firmly 

cemented (Fig. 147). This process must add in a considerable degree to the thickness 
and solidity of such pack areas. 

That such an accumulation of frazil crystals does talce place was proved conclusively 
by a series of trenches dug in the sea ice of Robertson Bay, for the purpose of running 
a line of soundings. Whenever one of these holes was sunk through a very small flat 
pan amongst heavy pressure (as was usually the case), the hobtom 2 or 3 feet of the ice 
invariably consisted of a loose mesh of such crystals. Only the top few inches consisted 
of what might be called ** normal ” sea ice. The probable cause of the accumulation 
of frazil crystals under these conditions is the protection against the current afforded 
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rig. 147. — Diagram illuatrating imovuii 8urfa(Mi of hummooky loo. 


3S1 



by the projecting portion^ of the thicker presaure floes. Whenever, on the contrary, a 
large flat pan was trenched, its lower portion was found to consist entirely of the 
" flbrous ice already mentioned. 

At Cape Adare, a beach of basalt pebbles slopes gradually beneath the sea, and for 
as much as 20 feet from the shore the submerged portion of this beach was partially covered, 
to a depth of a few inches, with a loose aggregate of Anchor-Ice which any slight disturb- 
ance wouldloosen and bring to the surface. They were then seen to be exactly comparable 
to the crystals which form the first indication of the freezing of the sea surface. 

Locally, this Anchor-Ice formed a continuous sheet some square yards in area, but 
it was usually isolated in bulbous masses about a foot in greatest diameter. These 
were so full of tangled air that they looked like huge white pufi-balls. When the crystals 
were dispersed, the air rose to the surface as streams of bubbles. Although a considerable 
portion of this Anohor-Ica must have been added to the frazil crystals floating on and in 
the water, most of it was probably absorbed into the tidal platform of the icefoot as 
that advanced seaward. 

At Cape Evans, frazil crystals were not deposited on the manilln. line used by Nelson 
in his zoological work until late in the winter, but in each season (1911 and 1912) their 
appearance and disappearance were well marked, crystals being deposited on the line 
almost every day after their first appearance. 

The first record of their appearance in 1911 was on August 6, on which occasion 
the line had been in the water for 24 hours, and a slight deposit, varying from ^ inch 
at the top to nothing at 2 fathoms depth, was found. From this date onwards, crystals 
were nearly always deposited, whether the air temperature was high or low, and whether 
the sky was clear or overcast, the amount of the deposit gradually increasing os the 
season advanced. 

On August 26, following a blizzard, a deposit of only inch was recorded after 
24 hours immersion in the water, this deposit being on only owe side of the rope. Later 
still, as the surface ice thickened, it became evident that the deposit on the line commenced 
level with the under surface of the ice-sheet, where the •mfl.-yiTrmm amount was deposited, 
the amount tailing off to nothing at a depth of 4 fathoms. The last record in 1911 was 
on October 22, after which date no frazil crystals were observed. A note in the diary 
states that Nelson, on this date, was of opinion that the type of plankton catch was 
diSerent on October 23. 

In 1912, the first record of Frazil-Ice was on August 28, the deposit gradually 
decreasing in amount until, at 6 fathoms, it disappeared.* As in the preceding year, 
frazil was recorded regularly after this date until September 26, which was the last date 
the crystals were seen, and then only in very small amount. A note in the diary suggests 
that the water temperature on this date was about 1 /1 000° C. higher than usual.*}* 

* On September 18, the frazil crystals did not disappear until a depth of 9 fathoms. 

t In 1911, the sea water tempeiatoie deoreased gradually in South Bay, until a minimuin was reached 
pobably near the end of September. The rise in temperature during October was very slow — about ■ 01® C. 
in the month. A maTrimuro salinity seems also to have been reached at the end of September, though 

equally high Saties were later observed in December. 
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Further light will, no doubt, be thrown on this phenomenon when the temperature 
and salinity observations and the tidal records have been reduced and the results are 
available. 

It is worthy of note that, in 1911, the crystals appeared at an earlier date than in 
1912 and persisted later, the presumption being that the sea temperature was higher in 
the latter year. 

The previous remarks refer entirely to crystcds deposited on a line smik below the 
sea ice, and, before leaving this subject, it might be adviaible to call attention to the 
particular occasion on which the crystals were deposited only upon one side of the line. 
Though this was only a single observation, it rccaUs the parallel case where frost crystals 
are deposited only upon the windward side of objects exposed to a slowly moving body 
of damp air. The conclusion reached in that case was, that the air contained small 
water or ice drops, even though these frost crystals were occasionally formed at tem- 
peratures below zero F,* 

In addition to the frazil crystals formed under sea ice late in the winter at Cape 
Evans, a siniilar growth of crystals occurred on the sea bottom when no ice-covering 
was present, though it is, of course, possible that they were equally formed beneath an 
ice-covering, but invisible on this account. Crystals so formed appeared at an early 
date in shallow >vater, not only on the sea bottom, but also on various objects tlorown 
into the water in order to ascertain whether the nature and colour of the object had 
any noticeable effect on. the phenomenon. No selective deposition could be observed 
on such varying objects as a tin pail, a light coloured wooden box, or the dark rook 
forming the floor of the sea bottom. This suggests that radiation played no predominant 
part in causing the deposition, and indicates that the phenomenon is equally prevalent 
when there is an ice-covering. The formation of this Anchor-Ice did not appear to 
bear any relation to the cloudiness of tlio sky ; for, though the records state that on 
March 29 masses of Anchor-Ice floated to the surface during cloudy weather, a note on 
the following day records that the masses had grown during the. preceding 24 hours, 
though the sky had been cloudy almost the whole of this period. 

In 1911, the first reliable record of Anchor-Ice is dated April 16, but Ponting reported 
that the phenomenon had been seen “ about a month previously.” In 1912, the 
first case recorded is on March 29. 

Plate LXXI. is a photograph of Frazil-Ice deposited on a bucket. Plate LXVIII, 
Chapter III, shows Frazil-Ice on a dredging line. The latter had grown in 5 days, the 
mass being 6 inches in diameter, as shown in the photograph which was taken on 
September 18. 

A thick coating of snow has a most distinct effect in retarding the growth of sea 
ice in the early stages, for it acts as a blanket, and largely prevents the exchange of 

heat between the mass of the ice and the water beneath it and the air above. This was 

■ ♦ 

* Bee footnote on page 49. Our view is, that the sea wateoc was aotnally snpoicoolod and in 
equilibrium with tiny ice partioles at this tempeiatux^ these partidos being too small to act as nuclei for 
further deposition. See also ' PhiL. Mag.,* January, 1922. 



well seen in Bobertson Bay dining the spring of 1911. Here the whole of the ice east 
and west of the entrance of the bay was driven a mile or two to the north by the August 
gales. During September^ an ice-sheet formed over the strait which had been opened. 
The temperature during the next month or two was certainly lower in the west of the 
bay, and the current there must have been considerably slacker than that sweeping 
round Cape Adare, so that the ice should have formed more quickly in the west than 
in the east. In spite of this, by October 8, the ice-sheet to the west of the bay was only 
from 9 to 12 inches thick, while that oS Cape Adare to the east of the bay had reached a 
thickness of from 24 to 30 inches. 

This is attributable to the fact that in the west, owing to the absence of wind, the 
snow had covered the new ice to a depth of over 2 feet, while the area round Gape Adare 
was kept clear of snow by the south-easterly gales. 

It is oertamly of interest to note, that the most favourable conditions for the 
transfer of heat from the water to the air are when no ice-covering exists ; or, if there 
is an ice-sheet, no soft snow is lying on the ice. The meteorological conditions at 
Cape Evans, in 1912, were certainly most unfavourable, any ice which was formed to 
the north of Cape Evans being blown out to sea with the first violent blizzard. The 
cooling efEect of the blizzard winds on the open sea in McMurdo Sound must, therefore, 
have been far greater in this than in the preceding year, when the Sound was covered 
with a thick layer of ice. The air temperature during blizzards is comparatively high, 
but the lack of an ice-covering to the sea must far outweigh this circumstance, so far 
as the cooling efEect on the water is concerned ; so that we may say with some certainty, 
that a sea bare of ice loses more heat than if it were ice-covered, in the circumstances 
under which each condition obtains in McMurdo Sound. 

Due to this great loss of heat, the chance of the sea freezing over permanently 
(other things being equal) should increase as time goes on ; and it was to us, at first, 
a matter of some surprise that the sea ice never retained a permanent hold on the shore 
north of Gape Evans in 1912. 

From the fact that ice forms earlier in such situations as the bay between Glacier 
Tongue and Gape Evans than in the Hut Point area, it is clear that the circumstance 
favouring the formation of sea ice is largely the presence of obstructions (capes, 
islands, and even stranded icebergs) which prevent the ice from being driven north by 
the strong southerly winds.* In the absence of such obstructions, a long spell of cold, 
calm weather is almost a necessity, if the ice is to grow to such a thickness that it can 
resist the forces brought into play by a violent blizzard. 

It is dear that the pressure gradient causing the strong southerly winds in McMurdo 
Sound is due to the large temperature difEerence between the Barrier and the Ross Sea, 
and, as Simpson has shown, any circumstance tending to increase the pressure 

* The disappearaixoe of part Of GlaoieF Tongae early in 1911 may thus have a moBt pionoujiced efEeot 
on the date of freezing of the sea ice in this area. This effect may well have a practical bearing upon the 
fortunes of future e^editionB to tide distnot, as it is likely to be of suMoient maguitude to affeot 
average ice conditions in MoMurdo Sound oonsideiably. 
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gradient will operate so as to increase the wind velocity in the Cape Evans area. The 
occurrence of the air pressure waves/’ which have been found by Simpson to affect the 
whole Antarctic continent, and even to be recognisable at Kerguelen Island, is, therefore, 
of considerable importance in fixing the date on which the sea ice wiQ freeze in 
McMurdo Sound during any winter. 

As the temperature difference between the Koss Sea and the Barrier is lowered by 
the freezing of the sea, the freezing of the sea tends to reduce the velocity of the southerly 
winds in McMurdo Sound. 

The formation of a layer of ice eiso operates locally in another way by allowing the 
formation of a stagnant layer of cold air, over which winds of moderate velocity can 
pass without disturbing it. High winds, however, will sweep away the layer and remove 
the ic 50 , so that the gradient wind extends down to the ground, thus mcreasing the mean 
wind velocity and mean temperature.* 

Wind conditions and ice conditions are, therefore, in a state of unstable equilibrium, 
high winds causing conditions favourable for more winds; open water making 
conditions favourable for the continuance of this condition. A succession of days 
on which there are no liigh southerly winds is, therefore, a necessary condition for the 
formation of ice in McMurdo Sound ; and the longer the period free from high southerly 
winds, the stronger the blizzard the ice-sheet so formed will be able to withstand. 

A glanc-c at Table LVII, ' Meteorology,’ vol. 1, indicates the difference between the 
winters of 1911 and 1912, as regards high winds, calms, and mean temperature in the 
various luouths of these two years. The mean wind velocity, and percentage frequency 
of high winds and of cahns, were almost the same in the two years for the month of 
March, the ice conditions during the month being very similar in both ye^s. In April, 
1912, however, tlie mean wind velocity and the percentage frequency of high winds were 
greater than in April 1911, wliile the frequency of calms was less. The dMerence 
between the two yeax‘B was due to the calm weather in the last week of April, 1911. 
It was duritig this period, which was continued in the first eleven days of May, that 
ice of Buliicient thickness to withstand the succeeding blizzards formed in McMurdo 


From the en<l of April, tlie wind conditions in the corresponding winter months of 
1911 and 1912 differed greatly, the mean wind velocity, the temperature and the per- 
centage frequency of liigh winds being greater, while the perwntage frequency of cahns 
was less in 1912. We may consider the difference in conditions in the two winters as 
directly due, therefore, to the apparently fortuitous ocoucrence in 1911 of the long 
spell at the end of April and the beginning of May. It is of interest to note tlmt neit er 
June, July nor August of 1911 provided a calm speU of equal duration, though 
conditions were, on the view outlined above, more favourable to their recurrence after 

tbe first formation of the ice-sheet. . j. . i j 

A glance at the ourvee in vol. 2 of the Meteorological Report ahows that at t^ end 

of April and beginning of June, 1911, the pressure difietence curve between Cape Evans 

* • Britwh Antarotio Expedition, 1910 - 18 — Meteorology,’ vol. 1, p. 100. 
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and Eramlieim showed no very pronounced maxima. The conditions during this period 
were, in fact, unique. It does not seem unreasonable, therefore, to associate this 
formation of the ice-sheet in McMurdo Sound with the absence of pronounced air 
pressure waves ” (and blizzards) at the end of April and beginning of May, 1911. 

We thus see that the relative amounts of ice driven north into the Boss Sea during 
the winter and following summer, which largely conditions the extent and distribution 
of the pack in the Ross Sea, may be dependent to a considerable extent on the occurrence 
or non-occurrence of a period free from the operation of air pressure waves.” The 
efEect of the pack upon ocean currents must be far from negligible ; and it seems possible 
that the simple occurrence or non-occurrence of a period free from “ pressure waves ” 
in the Antarctic in the early winter may exert a considerable influence upon climatic 
conditions at a subsequent date in regions far removed. 

In the absence of any knowledge of the cause of these air '' pressure waves,” it is 
impossible to say whether or not the conditions in the Antarctic normally favour the 
occurrence of a spell free from pressure waves in the early part of the winter. It seems 
clear, however, that, in the absence of pressure waves, the conditions are leas favourable 
to the occurrence of high winds the less the temperature difference between the Barrier 
and the sea. With open water conditions, th^s temperature difference is almost certainly 
greatest in the middle of winter, so that the chance of the occurrence of favourable 
conditions for the freezing of the Sound will (other things being equal) probably be less 
during the depth of winter than during April. 

Judged by the date of first appearance of frazil beneath the ice, the water below was 
probably cooled to freezing-point at an earlier date in 1911, than in 1912. This would 
be a matter for surprise iE McMurdo Sound were land-locked, as the exchange of heat 
between air and water must have been greats in 1912, when the sound remained ice-free, 
in spite of the higher ah temperatures during that year. In view of the result actually 
recorded, one is forced to consider the possibility that the exchange of water between 
the Sound and the Boss Sea may be greater the higher the mean wind velocity in 
McMurdo Sound and the less the extent of surface covered by Fast-Ice. 

Captain Scott has placed on record his view, that the temperature conditions during 
the return journey on the Barrier from the Pole were abnormally low and such as could 
not have been foreseen. The winter conditions which followed bear out this conclusion ; 
and one feels that the unexpected advent of low temperatures on the Barrier, the great 
blizzard in which the party perished, the failure of McMurdo Sound to freeze in the 
autumn, and the unfavourable meteorological conditions at Cape Evans in the following 
winter, were all due to the same cause, viz., an early advent of a spell of low temperature 
on the Boss Barrier, which increased the temperature contrast against the Boss Sea. 

(3) Growth of Sea Iob From Above. 

Although the growth from below is notrmally the chief factor causing increase in 
thickness of the sea ice in the areas examined by the Scott Expedition, yet growth from 
above is not insignific ant. Two types of such growth are particularly recognisable. 
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The first and most important (because more regional) is due to the accumulation of 
snow-drifts on the sea ice, and the subseq^uent change of their lower portions into ice, by 
the seeping of the sea water between the crystals of the sea ice as the accumulation of 
snow depresses the ice surface below sea level. Locally, the weight of snow may increase 
in one season to such an extent that considerable areas of the ice are flooded with sea 
water from the cracks which seam it. 

A particularly good example of this was seen along the north coast of Victoria Land 
in the spring of 1911. Here the sea ice was covered with snow to a depth of several feet, 
and this overflow process had been responsible for an increase of at least 6 inches in the 
thickness of the ice. Under normal conditions along the coast of Victoria Land, the 
increase due to the saturation by sea water of the lower portion of the snow-drifts seldom, 
however, amounts to more than 1 or 2 inches. 

The amount of any such increase will depend on the relative thickness of snow and 
ice and on the density of the snow. To take a concrete case, let us assume the densities 
of the ice and water to be 0*9 and 1 * 0 respectively, and the density of the snow to 
be 0*25. Free percolation of the. sea water through the ice (neglecting capillary 
action) to the ice surface cannot take place until the upper surface of the ice is 
depressed below sea level. In these conditions, the sea water would also well up 
through any cracks which might be present in the ice. 

If the sea ice is 10 inches thick, those conditions will be brought about by a fall of 
snow of the above density, tottilling 4 inches in thickness. If the ice is 50 inches thick, 
20 inches of snow of this density will bo necessary to depress the ice sufficiently. It is 
clear, therefore, that this method of growth is most lilcely to take place, other things 
being equal, when the sea ice is still young. 

As we have seen above, a thick layer of snow liindors the transfer of heat between 
the ice and the air above it, and notably decreases the growth from below. An area 
of sufficiently heavy snowfall, therefore, is one where the greater portion of the increase 
takes place from above. 

It has been recorded by Drygalski* tliat, in the Fack-Ice off Kaiser Wilhehu Land, 
the greater portion of the growth of sea ice takes place in the manner just described. 

His observations have since been confirmed by the experiences of the Imperial - 
Transantarctic Expedition, 1914-17. J. M. Wordie has reported that in the Weddell 
Sea — ^the region traversed during the drift of the Endurance ” and the subsequent 
sledge and boat journeys — ^the accumulation of snow is particularly heavy, and that the 
growth of the sea ice from above is, therefore, very significant, f 

From these and other similar observations^ it would seem probable that in the main 
Antarctic “pack/’ where precipitation both in the form of snow and rime is higher than 
along the moisture-starved coasts of South Victoria Land, the sequence of events in the 
formation of the sea ice sheet is essentially difierent from that which has come under the 
notice of the British expeditions which have essploredthe latter coast. The sea ice thus 
• Loo, di, 

t J. M. Wordie. * The Natural History of Pack-Ioe as obsorvod in the Weddell Sea.* “ Trans. Roy. 
floo. Bdin.,” vol, 52, part iv (No, 31), 
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formed will have a radically different structure from that formed by growth from below, 
being more granular in texture and more full of included air. It will also frequently exhibit 
a horizontal lamination, the layers being often the result of individual snowstorms. 

The second type of growth from above is due to a local flooding of the ice by water 
from tide-cracks, and the amount added to the sea ice in the immediate neighbourhood 
of the land is sometimes considerable. At times, the ice in a confined bay is under 
considerable compression, and' cannot then adjust itself readily to tidal movements. 
The sea water then overflows the ice ne£tr the shore, and this process may continue, tide 
after tide. This process is probably responsible for the greater portion of the ice whose 
upper 1 or 2 feet show a very distinct horizontal lamination.* 

The area affected is usually limited to a narrow strip between two parallel tide-cracks, 
the ice outside the second crack moving more freely than that in-shore ; but on occasions 
this process has been observed to occur between as many as five different tide-cracks, 
the pools thus produced lying parallel to each other and to the coast. 

This action, under favourable conditions, can be still more strikingly demonstrated, 
and a good instance of an extreme case was seen in the back of [Robertson Bay, where 
the Dugdale Glacier was moving slowly forward and exerting strong pressure on the ice 
between itseU and Duke of York Island. In this case, the edge of the- original floe was 
depressed at least 4 feet below sea level, so that a total of 4 feet had been added to the 
surface of the ice in this way. 

A certain thickness will also be added to the surface, especially in summer, by the 
normal oLange of the under surface of snow into ice. 

Salmity of Sea Ice. 

The salt-content of sea ice differs considerably from point to point, not only in a 
vertical, but also in a horizontal, plane, while evidence is given later to show that the 
salinity varies also in course of time. 

Tliis variability is not surprising, in view of the large number of factors which affect 
the growth and the crystalline structure of sea ice. For example, samples of sea ice 
from positions close to one another on the same horizon may differ considerably in their 
salt-content, according to the relative size and orientation of the ice crystals. 

Determinations of the salimty of sea ice samples were occasionally made by titration 
with silver nitrate, the general results being given below : — 

(i) The ice contains less salt than the sea from which it is formed. Other things 

being equal, the quicker the ice forms the greater is its salinity. 

(ii) The greatest salt-content is found at the upper surface of the ice. The halide- 

content at the lower (growing) surface is also high, but less than that on the 
upper surface. 

(iii) liixcept for the top 2 inches, the salinity-content is generally fairly uniform 

throughout any vertical section, varying in different samples from J to 
the value at the upper surface. 

An exception to this statement is afforded by the oase of laminated ice in which the layering is 
due to bubbles. In snoh oases, as wjU be shown in a different section of this memoir, an entirely different 
sequence of events has taken place. (Chapter XI, on " Pack-Ice.”) 

338 



Attempts were made to get a quantitative measure for the rate of drainage of salt 
from sea ice suspended in the air, but there was no opportunity of carrying out this 
experiment, except in the low temperatures of the winter (May and June). 

On the 20th May, a block of ice 12 inches deep was cut from tlio top portion of sea 
ice 32 inches in thickness. The salinity content was measured at different deptlis, and 
the block then suspended in the arc with the original top surface up. 

The variations in salinity observed are shown in the table below, the numbers 
being relative 



May 20, 1011. 

Juuo 20. 

... ... ... ... . 1 . ... ... 

22-75 

11*23 

4; inchoB bolow aiufocu 

0-6 

7*86 

8 inolicB below aurfaou 

6-5 

7*0 

12 inoLoa bolow surface 

— --- - - - - ■ — 

6-43 



The observed changes, at the air temperatiuos prevailing, wore not largo, the chief 
alteration in the mouth consisting in a redistribution of the salt-content. 

It is, in fact, only when the temperature approaches free;5ing-point that wandering 
of the salt contents can take place to any very groat extent. 

It is of interest in this connection to note that, when a trench is dug in sea ice, even 
to very slight depths, the ice near the bottom of the trench, originally hard and brittle, 
becomes soft and slushy in the course of a few hours, due to percolation of brine through 
the ice. This shows that the ice, when close to freezing-point, is quite permeable to 
salt water. Under these temperature conditions, therefore, a salt solution will very 
quickly drain away from a block of sea ice. 

When an ice sheet forms quickly at low tomperaturea, a considerable quantity of 
brine is caught up in tlie network of surface crystals. If the temperature remains low, 
the mother liquor becomes more concentrated os more and more of the water in the 
brine freezes, until finally the salt separates out as cryohydrate. 

Those specks of cryohydrate form small nuclei, on which the water vapour from the 
air deposits, building up beautiful fern-shaped or prism-like crystals, usually in groups 
of several individuals. These aggregates of crystals have been christened Iceflowers,** 
and are one of the most beautiful features of a fresh ice-sheet formed at low temperatures 
(Plate COXXXI). Such iceflowers are akin to the frost crystals deposited under favour- 
able conditions near all open water, but differ from them in the fact that they contain 
salt derived from the sea. 

The most favourable conditions for their formation are afforded by the passage, at 
low temperaturers, of a body of air of relatively high humidity across a sheet of young 
sea ice. Under such conditions, iceflowers with crystals between 2 and 3 inches long 
have been observed to form in a single night. 
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Tlicdr most perfect development takes place in very cold calm weather, when the 
sea freezes over calmly and uniformly. In these conditions, the water vapour is evi- 
dently derived from the water entangled between the felt-Uke mass of crystals forming 
on the surface. The best development of this type of ice-flower was observed on a 
journey from Cape Evans to Butter Point in April, 1912. The weather was calm and 
the air temperature —40® E. The thin sea ice for an area of some 60 square miles was 
found to be covered with masses of ice-flowers, the single fibrous spikes of which were 
sometimes 4 inches in length and ^ inch thick. 

"When, however, the sea surface freezes under less calm conditions, the upper 
surface of the sea is often ridged as if formed originally from small pancakes whose 
edges were slightly upturned. Under such circumstances, the ice-flowers usually form 
oil these mriftll ridges, which are less warmed by the sea below and more cooled by 
the air above. Each ridge then appears to be outlined by a border of delicate white 
flowers. (Plate XXIX.) 

Owing to the presence of salt in the crystals, the rise of temperature accompanying 
or preceding a strong wind results in the speedy dissolution of the ice-flowers, while the 
drift carried by the wind adheres to the moist surface of the ice and itself becomes 
saturated with brine. The snow so moistened usually then becomes a permanent 
addition to the sea ice, forming little ripples an inch or so high, wliose appearance must 
be indehbly impressed on the mind of anyone who has ever travelled over sea ice, as 
they eu:e very sticky and form the most difl&cult surface for sledges with wooden runners 
that it is possible to meet (Plate X).* 

During the winter of 1911, waterholes opened at the entrance to Robertson Bay, 
and remained partially open for weeks at a time. On the new skin of ice which was 
formed round the outside of these holes, ice-flowers readily formed, but after two or 
thr^ days their plswje was taken by lumps of ice often rather like inverted bulbs in 
shape, and attached to the sea ice by somewhat attenuated stalks. The only explana- 
tion which seems to account satisfactorily for this phenomenon is the constant super- 
saturation of the air over the waterhole, with a consequent extraordinarily quick deposi- 
tion of moisture on the nuclei already formed by the coarsened ice-flowers. Tliis 
saturation was proved by the pall of frost smoke which hung over the waterhole for 
several days after its formation. As in the case of the “ foot stalactites,” described 
under the heading icicles ” in another section of this memoir, the greatest development 
of these bulbs was towards the quarter from which the prevailing wind blew. The 
process seems to be analogous with that by which the foot stalactites ” are formed, 
with the difEerence that here the frost smoke,” moving gradually across the face of 

the ice with li^t northerly airs, takes the place of the drift carried by the southerly 
blizzards. 

Above a temperature of — 7*6® F., ice cannot remain in the solid state when mixed 
with sodium chloride in the presence of water vapour. This aspect of the question is 
of practical use in countries where the winter brings with it a succession of moderate 

* Such a surface has heooiae known uj^der the name “ salt-ficokcd ” ice. 
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frosts. An example of its utilisation is afforded by the effect of sprinkling salt on pave- 
ments or on doorsteps whicli have been coated with ice. Its application to the question 
in hand is easily recognised, when it is remembered that sodium chloride is the only 
salt which exists in large quantity in sea water. If, therefore, it is a necessary condition 
of the existence of ice-flowers that they should contain common salt derived from the 
nuclei on which they originally form, we might expect to find that ic^-flowers are unable 
to exist at air temperatures above ~7*n° F., if the salt solution bec-ame distributed 
throughout the crystals in sufScient amount. 

The figures given below in Table XIII show that this is not tlie case. Tlxere is no 
doubt, however, that small amounts of salt are generally present in the crystals, as is 
evidenced by their saline taste. This is the only definite evidence that salt cryohydrntes 
form the nuclei on which growth takes place during tlxo first fojrmation of the ice-flowers. 
It seems probable that it is only at air temperatures above 0° F. that capillary forces 
enable suflicient brine to be drawn from the surface to cause the flowers to ('ollapse.* 

Table XIII. 

The following Table gives the dates when ice flowers wore noto<l in the Northern 
Party’s ice log, and tlie corrcspoiKling uncorrected mean temporatiire for the day : — ■ 


Date. 

Touiperaturc. 


“F. 

April 23, 24, 25 

.-rj.D, 3-5, --aT) 

May 2 

2*0 

May 24 

-~Ui-0 

May 2f» 

22-0 

May 28 

^-20*5 

May 29 

- 23-0 

May 30 

.--21-0 

Juno 1 

4-B 

Juno 22 

-22*0 

Juno 23 

-20- 1 

August 23 



Interesting examples of ice-flowers forming elsewhere than on sea ice were afforded 
by the growth of small specimens on the surface of the new ice forming over trenches 
dug in brine lakes. There appeared to be a distinct connection between tlie degree of 
salinity of the brine and the number of ice-flowers formed on a given surface on the 
same or a similar day. 

[E) Pfesmfe in Y<ymg Ice, 

For some time after freezing has commenced, the sheet of ice, as already mentioned, 
consists of a felt-like mass of crystals, which are only indifferently cemented together. 
If pressure is exerted on a portion of this mass, the cohesion is overcome, and each 

* A fiinglo obsorvation of tho chloridc-oontent of suoh ico^flowors at Capo Evans gave a valuo Lighei 
than that of Boa water, and almost double tho value obtained in th<j topmost luy«MC of 8oa ice. 
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crystal acts more or less as an individual. The efiect of this is excellently seen when 
an older floe is surging about in freshly-formed ice. In such a case, as many as a dozen 
concentric ridges may be observed in the young ice surrounding the floe (Fig. 148). 

It is due to this lack of cohesion that young sea ice is unable to support the weight 
of a Tnfl.T\ n'H' f-.il it has attained a thickness of 4 to 6 inches. Even this thickness of ice 

can hardly be considered to act 
as a rigid solid. This fact was 
strikingly borne out in short sledge 
journeys over young sea ice, the 
whole ice-sheet sagging under the 
sledge and party. The advance of 


Rtagt tn 
/ nauice. 
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Fig. 148, — FroBauie in young ioe round a hoavier floe. 



a party over such young sea ice was preceded by an elevation of the ice corresponding 
to the depression caused by the weight of the party and sledge, or at least, there was 
every appearance of such an elevation preceding the party as it advanced. 

Pressure blocks which have been formed when the ice is in this plastic state are 
marked by two characteristics : — 

(1) Their edges are frequently rounded off and the scrapings scattered irregularly 

through the pressure ridge as amorphous masses of “ brash ” ice ; and . 

(2) The blocks themselves are frequently.bent into a shallow arc (Fig. 149). 

By long-continued st^dy pressure, blocks have been observed to have been bent 
almost into a semicircle, when stiU in the water at the time the bending took place. 
Directly the pieces have 
been raised above sea 
levd, they commence to 
drain, and their plas- 
ticity, which, is due to 140.— Young ptesBUTO formed at Cape Adaro, 1911. 

the brine between the 

ice-crystals, is quickly lost. This loss of plasticity is helped by the exposure of all 
the surfaces of the block to the cold air. After one of these curved blocks has remained 
out of water for a few hours, it will have become quite rigid, and can be shivered by a 
sharp blow with an ice-axe almost as easily as a block of fredi-water ice. 

Another effect of steady pressure on young ioe is seen in the formation of the 

so-called drain-pipe ” ice 
(Plate COXXXII). This ice- 
formation is a direct conse- 
quence of the rise in tempera- 
ture of an ice-aheet confined 
between two fixed boundaries, 
or between a line of stranded 
bergs and the shore. The ioe is thrown gradually into a series of folds, whidh usually 
occur close to and paralld to the unyielding obstacle. The figured example (Fig. 150) 





Fig. 160. — l)iaia*pipe ioe at Oape Adare. 
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i^ows a treble fold of this type, which was one of the most striking seen, and was due 
to the expansion of a sheet of ice between the north shore of Kidley Beach and a line 
of bergs stranded on a shoal running parallel to the beach. 

The process is best described in this place, since it is most typically developed in 
young ice, but it has also been observed to occur in ice several feet thick, wlieu it is 
usually accompanied by fracture and overthrusting in the upper portion of the ice, 
which has lost much of its plasticity. The occurrence of slight folds in older ice is 
particularly well seen along the icefoot and before advaiwung glaciers, lilxcellout 



Mg. Ifil. — StogtM la pwwBuro la ytnmg iiw. 

examples have been observed where the Ross Barrier advances against the sea ice in 
the bay south of Hut Point and in Robertson Bay, against the advancing facic of the 
Dugdale Glacier. 

Perhaps the best example of the effect of pressure on a plastic sheet of sea ice is 
observed when the ice is a few inches thick. If a steady pressure is slowly exerted by 
pack ice on an ice-shoet of tliis nature formed along an exposed coastline, tlie edge of 
the fresh-formed ice will slowly commence to uproar itself, and will slide over the sea- 
ward portion of the icefoot, nicely adjusting itself to all irrc?igularities in the contours 
of the latter. The thin ice-shoet in tliis case beliavos more like a very viscous liquid 
than a solid (Plate CCXXXIII). 

The whole process of bending and breaking in young hcmi ice is well deH<'rribod in the 
following extract, which is talcen from a diary koj^t at the time : — A white patcli like 
a frostbite appeared in the middle of the floe, and this spread until the wliole floe showed 



irig. 162 . (of tor a puur photcigraph). 


white and opaque. The next stage was the bowing up of the floe into the form of a huge 
blister and tlien the edges began to crumble. This crumbling and breaking at the edges 
continued for some time, until the strain became sufficient to break the floe across the 
vertex of the arch. The two pieces formed when this finally took place wore then 
telescoped and added to the ridge (Fig. 161). 

On several occasions, peculiar structures were observed in sea ice which resembled 
in appearance nothing so much as the skin of a blister, which had been broken at the 
, top and the edges of which had curled back (Fig. 162). We have definite evidence of 
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the occmrence of gas bodies under the ice, and the only possible explanation of this 
type of structure is that* it is due to such a gas body beneath the sea ico, causing an 
eruption throu^ the plastic sheet in its successful effort to free itself. Onoo or twice, 
when trenches were being dug in sea ice, the first eyidence of the approach to tho bottom 
of the ice has been an escape of gas of sufiScient violence to lift small fragnionts.* 

( JP) Life-History of Fast-Ice hefore Melting. 

The ice-sheet which is formed in the manner described in the preceding sections 
of this chapter, it it survives the autumn and winter gales and persists throughout tlie 
winter, is modified by Temperature, Pressure, Wind, and Time ; and it is now propowwl to 
consider these modifications in detail. 


(1) MoDmoATioN BY Tempbratukhs and Pressure. 

These two influences, temperature and pressure, are intimately conne<**tod, and 
cannot well he considered separately, since one of the principal causes of proHSure in 
Past-Ice is change of temperature. The temperature range along tho slioros of the 
Antarctic Continent may not be excessive, but the changes take place oxtrernely 
suddenly. During a prolonged cahn q)ell, the thermometer may remain for days 
below — 36® P., while with the commencement of the gale, the ice may suddenly become 
exposed to a temperature from 60 to 00 degrees higher. 

Pop instance, May, 1911, at Cape Adare, was characterised by one long period 
of calm weather, and one blizzard which lasted for ten days, with a period of varying 
weather in between. Such a rise of temperature, acting over a very large area, (rauses 
expansion in the ice-sheet, especially when the latter is thick. This, in its turn, sots 
up considerable pressure which is usually concentrated along sliorclinos, or against 
immovable objects such as islands and stranded bergs. 

By this means, both shores of a bay, snob as those on the eastern side of McjMurdo 
Sound, where the ice conditions have been studied in some detail, flhi)W a HUt*.coHHimi 
of low troughs and ridges parallel to the shore. They are represented by long, low 
waves, usually with minute cracks across the vertices of the waves and the troughs 
between the wavesf (Plate CCXXXIV). During the summer these cracks may play 
a pronounced part in the break up of the Past-Ice.” 

Oriier troughs and pressure ridges on a much larger scale, in wliich the sea ice has 
em 10 en up, sometimes formed dose to the shore. At Cape Adare it was possible 

^ 4 .^ ^ ^ ridge and trough parallel to the southern icefoot of the beach after cac^li 
of the three gales of long duration which marked the year 1911 (Plate OOXXXV). 


TJsuallv they are undoubtedly aasooiated with decomposing organisms. More 

dissolved in the sea watw ^ either of the trapping of air beneath the ice or of gases formorly 
air bodies of the latter W frequently heard beneath the ice, it seems probable that 

ward wivM follow tte ooaeUine. Within a bay, tho more shore- 

distance from the back of the bav iTim- curvature becoming less and less as the 

handled feet apa^ ^ and one to two 



Otpe Adon. 


Anotlier effect of suck temperature changes in a deep bay is the formation of heavy 
ridges of pressure ice against the inner side of all prominent points. This is due to the 
same cause as that which is responsible for the lateral troughs and ridges close to the 
coast, but is the expression of the expansion of the ice held between the points. The 
effects of this pressure are 
well seen from a glance 
at the accompanying map 
of Robertson Bay, which 
shows the position of the 
chief cracks and pressure 
ridges within the bay 
(Fig. 163). 

Another result of this 
same temperature change 
may be well seen anywhere 
in this portion of the 
Antarctic. Wheri the first 
decided fall of temperature 
takes place towards the 
close of the autumn, a 
corresponding contraction 
occurs in the sheets of sea 
ice. Wherever fixed points, 
such as stranded bergs,, 
prominenb capes, &o., pre- 



F^8MurwAr»as. 

Crackse. 

Btrgr, 

Gfactitrs, 

of niiliortMiii Bay, Hlmwing tli« prinniijal tiuii|)iiriiiun^ omolcH 
and rldfptH. It will Ixi ubKorvoa that thi^y (toniioot ii|i tlio |iriiuii|>al pn^niliiont 
of tlio bay, or run iKitwcMoi mtoh and Htnuidiul Th«« 

pnmHum rlflgiw aro formed in miniatiin^ on tho inner Hide of each of tho 
j)ointit, 'Piuw) latter Hlionid nut Im.^ eonfiiMul with the imioh uiom jmtvalotit 
and greater ridgeH whiuli duo to the iinpnet of the ItoHH Hea " 

against tlio out<^r edge t)f the font ieo. 


sent an obstacle to this, contraction cracks appear in tho ice. These usually run from 
one prominent point to another and their formation is accompanied by sharp reports. 

Those which formed in Robertson Bay in 1911 are shown together with the pressure 
ridges formed by rises of temperature in Fig. 163. 

If the fall of temperature is great, tho cracks are often of considerable width,* 
The sea surface exposed to the cold air gives off quantities of vapour and soon commences 
to freeze over. If the cold spell lasts for some time, the new sheet of ice may itself 


* From ooitaiu meaBuroniuiits of tho toiuporataio' of tho sea iuo, it appears that a change m air 
temperature of 50° involvoa a considerable cliango in tho temporaturo at depths of 1 or 2 feet in 
thick bare ice, this change being naturally greater the groatoi tho thiokness of the ice. A change of only 
10° 0. is, however, of importonoc, as wo see from consideration of the magnitudes involved. G^aldng the 
figure ('000028) given in Appendix 1 for tho linear expansion of ice per 1° 0., at a mean tempers tuie of 
+8° F., it will bo seen that a drop in temperatuTc totalling 10° 0. in a sheet of fixed ice 1000 yards long, 
demands a slirinkago of something less than 1 foot. It is only when wo come to consider iee-sheets of large 
extent that wo oan expect tho formation of largo leads duo to suoh a change. Thus, in MoMiirdo Sound, 
which is nearly 60 miles wide, ono would expect a fall of teiup^aturo of 10° to ho assooiated with tho 
formation of leads totalling about 28 yards in width. This is of tho order of magnitude observed, several 
leads about 20 feet wide having been observed on a sledge journey aoross the Sound from Winter Quarters 
to the Feiiar Glacier during tho spring of 1911. 
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iQaoh a considerable thickness, while further falls of temperature may tear it again and 
again. It is indeed a common thing to see such a crack with three or four strips of 
ice of different thicknesses bordering it. The fall of temperature is, however, frequently 
followed by an equally decisive rise of temperature, and then the old icje desires once 
more to expand to its former area. . The new ice over the cracks is an obstticle, but a 
weak one, and it is at the expense of this that the adjustment takes place, llio young 
ice in the “ master-cracks ” buckles, cracks and finally overrides ixs tlio sides of the old 


crack once more come together. 

In tTiiq way a pressure ridge is formed, and remains as a monument to the cycle 
of temperature changes. The height of the ridge and the thickness of the bkxsks 
composing it are very nicely adjusted to the range of temperature change and the 

duration of the cold spell preceding it. 
Plate COXXXVI shows an example of 
such a pressure ridge. Pig. Ifi4 illus- 
trates a compound crack formed in the 

Crack produced by a prolonged oold spell when tho *111 

temperatnzB dropped by etagee. manner dcSCribod aboVO* 



This process repeated again and 
again is the prime ciause of the 
majority of tho pressure rwlges which 

Overridiiigof yonngioeinBiiohateiuporatuiBoraek. seam tllG Fast-IcC of tllC bays, aiul 

^ * which can usually be soon to run very 

definitely from fixed point to fixed point. As a rule, once such a ridge is formed, 
the crack which it conceals may safely be considered the line of weakness whicdi will 
again yield at the next faU of temperature. Exceptions do, however, occur when new 
cracks are opened parallel to the older ones.* 



(2) Pi^SSUBB FBOM PaOK. 


Quite a different type of -presEnire is produced by the movement of large mosses 
of the Pack ” under the influence of wind, currents and tides. This type was best 
seen at the station under Gape Adare, which, being beyond the entrance to the Ross 
Sea, was exposed to the full force of the main Antarctic pack. The causes of the pressure 
set up in this area are probably threefold. 

The effects of ^e westerly current and the tides are indubitable, but from tho 
meteorologicai conditions accompanying the most striking examples, it seems probable 


* It IB mtcTMtmg to note that these craoka aie of diatinot importanoo to tho biologist of the aliore 

^ 'ratering on the ^taiotb Contisent. There ore many very good Kiaaons for the 

* . ^ ^ o a a.y for the winter quarters of an expedition. In suoh a position however, the 

^ ice remams in for a mi^um period, and hy it» presence interferes very muoh with tho work of tho 

u> ogi^ w ernes ge e sea bottom for am’mal life. Lx several expeditions practically all the 

hAATi ^ n^erous) which have been made during tho wintor and spring have 

mnallv hften -nrASTift A ^ ^ ^wthod. The. Graoks which have made this method possible have 

usually been produced m the manner deserLbed above. ^ 
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that the onslaught of the pack was usually controlled and directed by a more southerly 
extension than usual of the westerlies.” 

This conclusion was supported by the detection of a dight north-westerly swell, 
which could be observed on each of these three occasions, in spite of the damping influence 
of the ice. Further evidence was also afforded on similar occasioi'is by the sighting of 
Antarctic petrels at Cape Adare, birds which should normally have confined their 
attentions at this time of the year to a region far to the north. 



Fig. 105. — ^loo-Hlato atraotuns, Oapu Adan*. 


The first effect of the pressure was noticed while the ice was still comparatively 
young, and the result was the type of pressure ice which the Northern Party named 
'' ice slates ” (Plate CCXXXVII ; Fig. 156). 

The ice-sheet in tliis case, as was usual at Capo Adare, was compacted of sub- 
angular pancakes, which had only recently been cemented together. In consequence of 
this the cement easily yielded, so that the individual pancakes were pushed over 
one another like the slates on a roof. At the same time, the softer lower portion of the 
pancakes was scraped from undemoatli the “ slates,” so that the resultant type of ice 
fully justified the name given to it. 

This type of ice was so common that 
it formed a characteristiG feature of 
the surface for a distance of a mile or 
so south of the beach, thou^ here and 
there areas of more confused pressure 
occurred. 

Farther out into the bay, a wedge 
of pack had encountered somewhat 
younger and more plastic bay ice, and 
had driven itself into the latter, forming 
in it a series of little ridges of subangular 
pressure ice in the form of blunt-nosed 
inverted cones which resembled in 
shape the bow-wave of a ship. A stranded berg had diverted the pressure jErom the 
icefoot itself, and had caused the formation of two pressure ridges parallel with the 
shore but some distance out (Fig. 156). 

For some time after the period of pressure which caused the results described above, 
the appearance of the pack was very intennittent, and the ice in the bay had time 
to reach a sufficient thickness to defy its assault before the next big onslaught 
was made. 


Spmfj»eov«r$d' 

JSnoutdrift 



Jeefyot 


Fig. 150.~Plui idiowing two typoa of proasuro deaotlbod abaru. 
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On tliis occasion tbe ice crumbled at the edges, but otherwise stood fast, and most 
of the effects of the pressure were to be seen in the pack itself, where the heterogeneity 
of the component materials caused the crushing of the thinner floes and the formation 
of the “ hummocky-floes ” described elsewhere. The smaller pieces were frequently 
upended and pushed on top of the larger ones. 

The Fast-Ice in the bay also diverted the pressure towards the east, and two or 
three parallel ridges formed along the northern shore of Ridley Beach near the Spit. 
These reached in places a dozen feet in height, though they never equalled the immense 
pressure ridges described by Borchgrevinck as occurring in 1899.* 

The lower portion of the inner ridge was composed of small crushed fragments of 
the floes of sea ice 9 to 12 inches thick, which had been floating in an open lead off the 
north shore previous to the arrival of the pack. The upper portion of this ridge and the 
whole of the others were, however, composed of pack-ice varying from 2 to 4 feet in 
thickness. The pack-ice was easily distinguishable from the newer ice by its weather- 
beaten appearance and the fact that its lower portion was crowded with diatoms 
which gave a brownish-yellow tint to the ice. In every case, the slight dip of the beach 
prevented the pressure from reaching the icefoot itself. 

Between the latter and the nearest ridge there was always a lane of level ice broken 
into small pieces, but held tightly together by the pressure from without. 

. Within the Fast-Ice itself, the pressure of the pack on this and on later occasions 
was responsible only for the formation of a few ridges and areas of younger pressure ice 
in regions where the current had retarded the growth of the ice and which were therefore 
areas of weakness. 

In the beginning of May, all the sea-ice was driven out by a strong gale of long 
duration, and, after this date, the whole process of formation and modiflcation was 
repeated. It is worthy of note that the stranded bergs persisted throughout this gale, 
and, when the ice formed again, the conditions just described were almost exactly 
duplicated. One would suppose from this. that the process which has been just described 
is the normal sequence at Cape Adare. 

Towards the end of May, the Fast-Ice in the bay once more became fairly firm, while 
the sea to the north was covered with a sheet of new ice a few inches thick. As the pack 
had been driven far to the north by the wind, this new ice at first remained level. 
Gradually, however, its edges commenced to crumble, and, all along the edge of the 
younger ice of the bay and along the beach, a ridge was formed which was composed 
exclusively of small blocks of ice less than a foot thick (Plates COXXXVIII and 
CCXXXIX). For the next few days a continuous roar was heard to the north, as 
the pack advanced with irresistible force and wedged its way in towards the bay. 

When movement finally ceased and the increasing frost had for a time conquered 
the pa^, it was found to have reached within a mile of the beach. The ice to the north 
of this point proved, when examined later in the winter, to be chaotic. It consisted of 
a confusion of pressure ridges and areas, new ice mingled with old floes and small bergs. 

• ‘ First on the Antarctic Continent.’ 
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Even the previously level areas were uneven, for the ice formed the same year had 
been immediately converted into a brash of rounded and subangular pulped fragments, 
and these had been pUed up until they were more difficult to traverse than the older 
pressure floes. 

The ridges of the older ice frequently reached a height of 15 or 16 feet, and they were 
very numerous, crossing and recrossing in such an intricate manner that, in the hollows 
between the ridges, one’s horizon was often limited to a few yards or even feet. This 
chaos of pressiue ice undoubtedly played a leading part in the catastrophic breaks 
which will be described later and which were the most striking feature of the 
winter. 

The efiects of the tidal movements of the sea should not be lost sight of in this 
connection, though they play a more significant part during the break up of the ice. 
The flood tide in Eobertson Bay accelerated the progress of the pack towards the new 
ice and added considerably to its destructive power, while the ebb tide tended to remove 
the pieces which had been broken up by the pressure duriiig the flood. tidal 
movements at Cape Adaro were of course superimposed upon the constant cun‘ent wliich 
swept past the cape on its way north along the coast of South Victoria Land. 

(3) Effeot of Glaoieus. 

The two agents already mentioned — ^temperature changes and pressure from the 
pack — certainly account for most of the irregularities to be noted in the surface of the 
sea ice ; but one more agent remains to be considered. 

All along the coast of South Victoria Land, glaciers push forward to the so*i ; and, 
although the movement of many of them is inconsiderable, yet tliat is not the case with 
all, and the mere presence of these long tongues of ice, extending sometimes many miles 
into the sea, has a moat decided effect on the fonuation and subsequent life-history of the 
sea ice. Mention has already been made of the effects due to the advance of the Lugdalo 
Glacier against Duke of York Island ; but this case, although interesting, is of little 
significance compared with others which have come under the notice of the present 
Expedition. In fact, one of the best proofs of the stagnant nature of the glaciers about 
Cape Adaro is afforded by the small effect which those on cither side of Eobertson Bay 
produce on the sea ice of that confined area. 

It is now proposed to consider shortly the effect of throe large Ice-Tongues on 
the sea ice adjacent to them. These throe are : — 

(1) The Drygalski Ice-Tongue, which is the seaward end of the David Glacier, 

near Mount Larsen. 

(2) The Nordenskjold Ice-Tongue, some 60 miles further south along the coast 

of South Victoria Land ; and 

(3) The Mackay Ice-Tongue in Granite Harbour. 

The two former may be dealt with together, for both extend far out into the open 
sea beyond the narrow coastal belt in which the sea ice remains fast throughout the 
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winter. They have, so far as we have seen, no very great thrusting effect upon the 
sea ice around them.* 

During the autumn, winter and spring of 1912, the Northern Party were detained 
at Inexpressible Idand, to the north of the Drygalski loe-Tpngue. Throughout the 
whole of that time an almost uninterrupted series of north-westerly gales prevented 
the formation of sea ice of any thickness or persistence in Terra Nova Bay. The wind 
in itself, however, was not sufdcient to account for the failure of the ice to form, and 
it seems that, in all probability, the ultimate cause was the presence of the great mass 
of ice to the south of the winter quarters. This must have deflected the upper and 
colder strata of the current sweeping up the western coast of the Boss Sea, and must 
have brought to the surface water from a greater depth, which was potentially warmer. 

This seems the more 
probable, since the ice 
showed a far greater ten- 
dency to form under the 
same meteorological con- 
ditions towards the end of 
the winter, when one would 
expect that these lower 
layers of the current would 
have been cooled to a 
cofisiderable extent. 

The water-hole in 
Terra Nova Bay, which is 
shown in Fig. 167, ex- 
tended along the northern 
side of the glacier as far 
as we could see. It is 
probable, judging by the 
extension of the '' water 
sky” to the east,' that 

Kg. 167. — Skatoh map showing wpioadmate dimonsionB cJ the waterhole at Waterhole persisted to 

Terra Nova Bay, in 1912. within a mile or tWO of the 

end of the Drygalski Tongue. At this distance off the coast, however, the Tnfl.iTi south- 
easterly circulation of the B>oss Sea area might be expected to overcome the local 
westerly drau^t down the Beeves and the neighbouring ^aciers. The boundary between 
the open waterhole and the Boss Sea pack would occur somewhere about this point, j* 

* jDawd, liowevdr, rooords tli6 foimatioii of wide oraoks id tho sea ioo duo to tto advanco 

of tlie Dxygalaki loe-Tongue. 

t It was hoimded on the east hy the pack ice of the Bobs Sea and to the north by the Bast-Ioe of the 
northern portion of the bay. It a great significance from the point of view of the fortunes of the 
party, sinoe, owing to its presence, it was necessary to traverse some 30 miles of unknown glacier before 
the Past-Ice beyond the main tongue could be reached. The tongue itself was a known obstacle, since 
it had been crossed in 1908 by David, Mawson andvIMaokay. 
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The fact that tliiii sheets of ice did fornx from time to time during the calmer 
intervals of weather has an important bearing on the occurrence of ice in the Boss 
Sea during this winter. 

As the Nordenskjold Ice-Tongue was approached on the journey down the coast 
in October, 1912, conditions wore met which are best explained by the postulation of 
a similar but less persistent waterhole in the lee of this tongue. Some ten miles before 
the tongue was reached the party encountered h belt of heavy pressure ice which, judging 
from its components, was chiefly old pack which had been circling in the Boss Sea 
during the autumn of the preceding year. To the south of this was a wide strip of 
ice extending right to the tongue itself, which was of considerably less thickness than 
normal one-year Level-Ice and which was probably formed late in the year, and after 
the northern portion of the waterhole 
had been filled with the trapped pack. 

In support of this view may be adduced 
the fact that this ice was very flat, and 
was therefore probably formed at a 
time when movements of ice on a large 
scale in the coastal region of the Boss 
Sea had almost ceased. Tliis is pre- 
cisely what would have occurred at 
Inexpressible Island had the winds 
been less violent, l^ig. 168 is a sketch 
map showing the position of this 
“ fossil ” waterhole.* 

The efiect of those two tongues on 
the ice to the south of them is almost 
exactly what one would have expected 
in the case of similar capes of equal 
extent. 

A certain amount of heavy pack 
. had collected in the backwater formed 
at their base, and tlie same pressure 
effects due to temperature changes 
were to be seen, though in a slightly less pronounced degree than would have been the 
case between absohitely fixed points. 

One feature peculiar to these free floating ice-tongues is the absence of 
any well-marked tide-crack. In fact, so uniform was the surface of the ice that 
the first open crack met on the march from the Drygalski Ice-Tongue southwards 
was well south of the Nordenskjold Ice-Tongue. This was the crack across 
Tripp Bay. 

* The drawing is very approximate only. At the time the waterhole was orosecd, the N’ortherh Party 
were on leas than half-rations and in no case to stop and examine the coast dosely. 



Fig. 108. — Skotoh map Hliowiug nuiiitiou uf tlu^ ^fossil ** 
watorholo all too NordoiUKjSld loo-Tongno. 
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The Maekay Ice-Tongue, 

The influence exerted on the sea ice of Granite Harbour by the Maekay Ice-Tongue 
is entirely different from that exercised by the Drygalski or the Nordenslqold. The 
two latter stand out as bars across the main current along an exposed coast. They 
extend well beyond the seaward boundary of the annual fringe of semi-permanent 
coastal Past-Ice. The Maekay Ice-Tongue, on the other hand, occurs at the back of a 
deep confined bay, and its movement is considerable, a forward advance of 80 feet in 
one month having been measured by one of the Western Parties of the Expedition. 

The secluded position of this ice-tongue debars it from exelrcising either of the 
main effects attributable to the Drygalski or the Nordenskjold Tongue, but its forward 
movement is responsible for results which are even more interesting. In Pig. 159, 
which diows a portion of Granite Harbour in the immediate neighbourhood of the 
Maekay Ice-Tongue, these effects are illustrated. 

Broadly speaking, four main effects of the forward movement of the glacier can 
be seen : — 

(1) Prom prominent points on its face to the main projections of the coast, a series 

of “ shear-cracks ” extended, some of which were as much as 30 feet 
broad (Plate CCXL). 

(2) The ice caught up between the advancing ice-tongue and these capes had been 

thrown into a series of folds similar to those already mentioned as occurring 
at Hut Point and in Bobertson Bay, but on a much greater scale than the 
latter. 

(3) Pressure was piled up on the inward side of all projections of the coast. 

(4) The fourth and most interesting effect had been the gradual moving forward 

of the Past-Ice of the bay, which represented the difference between the 
adjustment secured by the formation of the “ shear-cracks,’’ or by the 
crushing of the sea ice immediately abutting against the tongue, and the 
total adjustment required to compensate for the movement of the ice-tongue 
since the sea ice was formed. 

This is an extremely interesting feature and was brought to the notice of the Party 
in an exceptionally interesting manner. To the south of the main tongue another little 
glacier advances into the sea in a direction slightly inclined towards the former. The 
differential movement of the two had caused a slight pressure ridge approximately 
paralld. to the side wall of the tongue. 

It was found that the ice blocks of which this pressure ridge was formed gradually 
decreased in thickness as the shore was approached, until the ridge died out at the 
icefoot in minute orinklings in one-day-old ice. A further investigation proved that, 
both here and on the outward side of all the projections of the coast of the bay, the 
sea ice gradually decreased in thickness in this manner, the decrease being a clear 
indication of the way in which the ice was . being pushed, bodily forward, by the ice- 
tonguei 



Thi. ta a vy ho. «al may go &, to ,q,Uin „iy H i. tho io. 
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soeiu-aa m tbo oaoo of Gtamto Harbour itooU-tbat. in opito of tide-craoko. mad and 
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Fig. 169.— Granito Harbour, iUostratiiig the efibo6 of tlia forward moTBrnent of tho M^kay loe-Tongae upon, titte 

flea ice into which it iuoybs. 


swell, the sea ice ou^t as a rule to lemam fast. In rach. a case as the one at present 
luideF oonsideiation, and in the case of GHader Tongue, we see a potent factor which 
will tend to prevent such a persistence, and thus to ensure that large masses of 
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Shelf-Ice built up in this manner are not likely to be common.* Most of tiie deeper 
bays of South Victoria Land have one or more such ice-tongues advancing into them 
from the glaciers behind, and the presence of such masses of moving land-ice is 
sufficient to ensure that the Fast-Ice shall be broken up and thrust out, except in a very 
exceptional season. 

The cases of Fast-Ice persisting even for three or four years, which have come 
within the sphere of observation of the British expeditions to the Ross Sea area can be 
numbered on the fingers of one hand. 

(4) Local Pbessurb Dtjbs to thh Calving of Bbegs. 

Though the efEect on sea ice of changes in the plane of flotation of icebergs is alight 
and is sporadic in occurrence, it is not entirely negligible. A good example was seen 
off a glacier in Rday Bay, one of the minor indentations of Robertson Bay. The berg, 
which stood between 50 and 60 feet out of the water, had been completely submerged 
after calving, and had risen and surged forward with such force that great damage 
had been caused, and the shattered blocks of sea ice had been thrust in great piles on 
to the feat sheet beyond the ice broken up by the calving of the berg. 

Other blocks of sea ice had been lifted on top of the berg to anomalous positions 
SO feet above sea level (Plate OGXLI). Blocks similarly perched on floating icebergs 
had previously puzzled observers until their mode of occurrence was made clear in 
this way. 

This was not an isolated example, for perched blocks of sea ice were common on 
the numerous bergs in the Robertson Bay area, and were also seen occasionally in the 
pack.t 

(5) Other Craoes in Sea Iob, and thbib Origin. 

(g) Tide-crachs , — ^The cracks produced by changes of temperature have already 
been described and explained in the section headed “ Pressure in Young Ice,” but 
there still remain other types of cracks to be dealt with. By far the most common, 
and probably also the most important, of these, is the crack which borders all Antarctic 
coasts (except the faces of floating Shdf-Ice and Ice-Tongues) and which also surrounds 
all stranded bergs and islands. 

These cracks are produced by the movement of the ice under the influence of the 
tide, and are known as “ tide-cracks.” It is due largely to them that the sea ice does 
not remain from year to year and, by the collection of snow upon its surface, form a 
considerable outward extension of the Antarctic Continent. 

* The whole question of the foimation of Shelf-Ioe hy the deposition of snow on tiie top of permanent 
' sea ioe sheets has been disonssed in Ghapters Y and YI. 

t Two other ways in which aea-ice hlodka have been lifted on top of land ioe 20 to 40 feet high have 
been observed in operation in the present Expedition. A heavy surf will throw blooks of sea ioe of 
consideiable sise on top of land-ioe nli-ffa folly 40 feet high, while, when a pressure ridge forms immediately 
against a berg or ioe dxS, similar bloohs have been seen to be lifted up some 20 feet. 
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A tide-crack along any shore may be single, but ia commonly double, triple, or 
even fourfold. Along an open coast a single tide-crack is frequently found, but 
in confined bays, parallel cracks are the rule rather than the exception. These craclcs 
closely follow the contour of the shore, and their number is usually incre^ised by cracks 
across the mouth of any small cove. 

Generally speaking, it was observed that the occurrence of a double, triple, or 
multiple crack was to be referred to the presence of a more or less gently sloping shore. 
The reason for this is easily understood, when it is considered that the working tide- 
crack is the line of fracture which permits the general ice surface to follow the rise and 
fall of the tide. This line is naturally formed* as close as possible to the ice which is 
firmly fixed to, or rests upon, the land. On a shelving bench, therefore, the tide-crack 
formed with the first thin covering will be very close to the icefoot. As the ice increases 
in thickness, a time will come when the nearest portion of the floating ice-sheet will 
ground at low tide. Unless the sea ice is very thin, it will not be sufiiciently plastic 
to accommodate itself to the altered conditions, and a second tide-crack, fuither out 
but roughly parallel to the first, will be formed. In a similar way, a third, fourth or 
fifth tide-craok may be formed, if the depth increases sufiiciently gradually. The 
number of tide-cracks may therefore be dependent on the rate of increase of depth of 
water and the thickness of the ice. Usually, only the outennost tide-craok functioixs* 
This is therefore known as the “ working ” tide-crack. 

The ice at the working tide-craok is never absolutely still, and a creaking sound is 
almost always to be heard. During the spring tides the movement is intensified, and 


the creakmg rises to a 
whine as the sides of the 
ice-sheet attempt to adjust 
themselves to the new con- 
ditions, while their failure 
to do BO is frequently 
marked by the overflow of 
large or small pools of water 
into the shallow, basin- 
shaped floes which line 
the shore between the tide- 
cracks. 

At Robertson Bay, 
blizzards were always 
marked' by increased 
movement at the tide- 



HHg. 160. — Bketoli map of Boberteou Bay, showing tido-crooks, the jpiinoipal 
temperatnre-onuus, and tha oiaoks aoross iho months of the bays. 


ciaokB, and, at tunes, tbe westedy swdl from the Altantic beyond the girdle of pack 
would make itsdf most distinotly fdt. 

Mg. 160 is a sketch map of Bohertson Bay, showing the principal tide- 
cracks. 
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(6) McbsteT’^acks across Bays arid Coves , — In addition to the tide-craoks which closely 
followed the contourfl of the coasts open master-ciacks were always to be found at the 
entrance to the more pronounced bays. Good examples of these can be seen on the map 
showing the cracks in Bpbertson Bay where they cross the mouth of Belay Bay, of the 
Bay of Bergs, of Pressure Bay, and of Crescent Bay in Duke of York Island. These 
are opened and kept open by the differential expansion and contraction between the main 
ice-sheet which acts as a sin^e mass, and the ice-sheets within the confines of the 
smaller bays, each of which also acts as a single smaller unit. The ice is thus torn apart 
at the entrance to each bay, and the changes of temperature keep this crack always 
open. The shearing nature of the effect was well seen in some of the cracks which, 
although strai^t lines, were very irregular, and were sometimes rendered discontinuous 
by slanting bridges left across them. 


(6) Effect of Submerged Books on Fast-Ice. 

The presence of a partially submerged rock is frequently emphasized by the 
occurrence of a local pressure ridge without apparent reason (Fig. 161.) 

If the rock is com- 
pletely submerged at high 
tide, but touches the sea 
ice at low tide, it forms a 
bulge in the surface ice, 
with cracks radiating from 
the apex in the form of 
a St. G^eorge*s cross (a). These bulges and ridges are not uncommon along the coast 
near Cape Adare, where marine denudation has left many more or less prominent rocks 
isolated as outliers from the parent cliffs. 



(7) Wandering of Salt and Effect on Ice. 

The invariable effect of pressure, whenever and however it may be exerted, is to 

raise portions of the sea ice above the general level. Immediately this takes place, the 

brine in the sea ice commences to drain through the capillary spaces between the crystals. 

A cold speU may retard this process by freezing the brine completely, but, as soon as 

the temperature moderates, the brine again becomes liquid and, under the influence of 

gravity, mov^ further down towards the sea. The action continues vigorously until, 

finally, there is not enough salt left in the upper blocks of the ridge to be detected by 
tasting. 

Attention was first drawn to this phenomenon when watering ship in the pack. As 
soon as progress was stopped by heavy Pack-Ice, the “ Terra Nova” was moored alongside 
a heavy pressure floe, and the ridge was attacked by all hands and a great portion of it 
. removed to the tanks of the ship.* Necessity probably had first caused the experiment 
to be made, and the result proved so successful that the possibility of obtaining fresh 

* Watering ship from Hummocky Floes in the Padr is a practice which dates back before the days 
of Antarctic exploration. 
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water from what had been salt ice had been handed down from ship’s captain to ship’s 
captain. 

The removal of the brine can become very perfect with time, and the whole of the 
water used for cooking and washing purposes at Cape Adare was drawn from huge 
floebergs* of pressure ice which hod been stranded on the beach by the westerly swells 
in the previous autumn. 

One result of this removal of salt from the ice is the loss of that plasticity which 
originally distinguishes sea ice from fresh-water ice, and this loss becomes so complete 
that a single blow from a pick will produce complex radiating fractures in a block which 
has been thus deprived of salt ; whereas in freshly formed sea ice, a similar blow will 
only drive a hole into the ice and bury the point of the pick so that it is difficult to 
extricate it. 


(8) Collection of Book Material on Sea Ioe. 

During the winter, all the ice adjacent to rock-cliff shores becomes thickly strewn 
with rock fragments, and one of the most marked of the geological functions of sea ice 
must consist in tifie transportation of this material. This is fully treated in the 
Gteologioal volumes of the Expedition memoirs. Much more important in the present 
connection is the sprinkling of fine dusb and grit carried by the blizzard winds on to the 
areas of ioe to leeward of any eaposed rooks. 

Both at Cape Adare and at Cape Evans, fragments half the size of a walnut were 
occasionally seen a full quarter of a mile from land, blown thither by the furious winter 
gales. The effect of those fragments in promoting the break-up of the ice is treated later 
in this Chapter. 

(JP) Oatastrophio Breaks at Cape Adare. 

No account of the life-liistory of the sea ice met during the present Expedition 
would be complete without some discussion of the “ catastrophic ” breaks which occurred 
from time to time in the immediate vicinity of Bobertson Bay. 

In some cases, these breaks were intimately connected with the local weather 
conditions, and of this type was that on May 6, when a hurricane removed all the ice 
from within sight. 

The sea again froze over soon afterwards, and it seemed probable that it would 
remain for the winter, until another gale on June 20, which lasted less than 24 houi's, 
but which was of great violence, formed a lane of open water which extended along 
the length of the northern side of the beach and was from one to two hundred yards in 
width. 

After this lead was formed there was no further readjustment, and the open water 
froze over as an unbroken unridged sheet of Level-Ice. The local nature of the break 
suggests that the pack in the open sea north of the bay was by this time frozen together 
solidly enough to prevent any great movement of the ioe through the agency of the 

*** Modified liammodky-floeB. 
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southerly winds. It is probable, however, that a certain amount of latitude was still 
afforded by the screwing of the Tnain pack and by the elimination of tracts which were 
too thin to resist the pressure set up, and were therefore crushed into pressure ridges 
occupying a smaller superficial area. This movement between the units of the pack, 
alight as it was, pointed to a lack of firm cohesion which we were later able to verify in 
connection with some of the later breaks. 

On July 14, another lateral displacement, this timfe of a few feet only, took place ; 
and this, as before, affected the ice north of the beach, producing a crack along the 
northern icefoot. 

No local weather conditions could have given rise to this break, for there liad been 
neither wind nor fall of temperature sufficient to account for it. It seems most probable, 
indeed, that it was caused by the thrust of the pack in the Ross Sea. Such an action 
on the part of the pack would be strictly analogous to the thrusting force exercised on 
the sea ice of Granite Harbour by the Mackay Ice-Tongue. 

It was immediately after the break-up in June that columns of frost-smoke were 
noticed rising from the sea ice at a distance of 2 or 3 miles from the beach, and 
these became more numerous and larger at the time of the break of July 14. It was 
not until some days after this that it was possible to wa^k out and examine the nearer 
of these columns. It was then found that they indicated the site of open waterholes 
of varying size. The one nearest Gape Adare, which was examined in detail, proved to 
be only a few hundred yards in circumference. 

No ice had formed over the centre of this patch, and the current could be seen racing 
past the ice which surrounded it. The hole had evidently once been greater in extent, 
but now ice had grown inwards from the west side of the break (towards whioli the 
current was fiowing) until the original open space had been reduced to half its size. 
This ice dwindled in thickness as the open water was approached, as shown in Fig. 145. 

As the result of the disturbance, the old sea ice was seamed with cracks, and a recent 
fall of temperature had caused these to open up, while the open water thus exposed gave 
off clouds of fcost-smoke which rose in whirling columns. Further to the north, dense 
rolls of cumulus cloud bore witness to the occurrence of a similar phenomenon on a much 
larger scale. 

The prompt appearance of Snowy Petrels and Antarctic Petrels at Gape Adare 
after each of the larger breaks during the winter, suggests that the ice to the north of the 
winter quarters was in a loose condition during the whole of the winter. It is unlikely 
that these birds would travel far over unbroken ice, siace they require open water in 
order to enable them to obtain the Crustacea and smaU fish upon which they feed. 

The ice after this break never regained its stability, and the waterholes opened up 
from time to time apparently without regard to the local conditions (Fig. 162).* 

During the autumn, winter, and q)iiag of the foUowing year (1912), the Northern 
Party were detained some 300 nules further down the coast. During their stay, as 

* The direction of moYemeiLt of the TnAjn pack in the Hobs Sea is indicated, and also the region 
occupied by the Eastploe of the bay. ■ . 
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recoided elsewhere, ice never persisted opposite their winter quarters for more than a few 
days at a time, and the new ice formed during these short spells was soon broken up and 
driven north by the gales. Thus, in 1912, pack must have been moving constantly 
northwards in the Ross Sea and out into the South Atlantic Ocean. It is to the thrust 
of this pack that all such 
local breaks near Robertson 
Bay as were not directly 
connected with the bliz- 
zards there, must be 
attributed. Even those 
latter breaks doubtless 
owed their thoroughness 
in no small degree to the 
persistent screwing ** of 
the pack which prevented 
the individual floes from 
freezing firmly together. 

In effect, the ice beyond 
the confines of the bay was 
formed not of one singjie 
fast sheet, but of a breccia 
of angular pieces of ice 
moving in a more or less 

AAmAnf nf on^rla-n 102.— Skotoli map of Capo Adnro and BJdloy Buooli* to lUuatvato the motion 

piasuc oememi OI soaaen of th© chapter on oatmtronldo brooks of the maioo in this rogitm. 

slush.* 



August 12 saw the nest great extension of the watorholes, when Campbell reported 
one between the beach and the '' Sisters ” (two isolated rocks to the north of Cape Adore), 
which was 400 yards long, between 40 yards and 1 foot in breadth, and connected with 
Cape Adore itself by a crack. Once again there had been no local weather conditions 
sufficient to account for the change, though the rupture of the ice might have been 
assisted by a fall of temperature of from 16 to 20 degrees which immediately 
preceded it. 

It was on this occasion that a definite arrangement of the waterholes was first 
noticed, when it was observed that the larger ones had formed to the westward of bergs, 
of which latter there were many stranded off the cape. The smaller waterholes were 
generally to be referred to the presence of unusually heavy floes. 

The former fact afforded definite evidence in favour of the theory that 
the waterholes were due to thrust from the east, while the latter was equally 


* Since the date when these notes were writtien, the drift of the Aurora ” in the Boss Sea ia the 
autumn and winter of 1916 has afforded a singularly complete proof of the instability of the main Boss 

Sea pack. The average speed with which this pack moved northward along tho coast of Yiotoiia Land in 
that year was over 6 miles per day. 

z 4 
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decisive evidence of the greater efiect of the current on the heavier units of 
the pack.* . 

A typical small waterhole o& Cape Adare is shown in Plate CCXLIl. 

By the 14th, the waterholes had increased tremendously in size, until some of them 
might well have been described as leads ; while to the west, north-west, north and north- 
east the sl^y became heavy with cumulus clouds and columns of frost-smoke, which 
showed that the disturbance was of a much more widespread nature than ever before. 
One lead extended right up to Cape Adare itself, and the sea ice had broken clean away 
from the near part of the end of the Cape as far as The Sisters.” 

These rocks, and perhaps others less evident, had successfully protected the ice 
behind them from dispersion, but to the westward and to the eastward of this little 
patch the ice was all churned into small pieces. 

The only lead accessible from the beach was the most southerly one, from which 
cracks extended in all directions out into the flat sea ice bordering the icefoot. At the 
south-west end of the open water spaces, signs of recent pressure were very evident, and 
the smaller blocks of ice had been thrust forward and upward from the north-east over 
the Fast-Ice. In some places to the south of the lead, a wall of brash, as much as 2 feet 
high, had been formed from rounded lumps of ice. 

The ice-blocks of which the pressure was formed were only 24 to 30 inches thick, 
but they had evidently been a good deal thicker, their lower layer having been scraped 
off during the process of overriding, t 

Near its western extremity, the lead decreased in breadth until it became a linear 
crack from which another crack ran abruptly to the north-west. West of this point 
there was no open water, but other evidences of pressure were soon noticed. 

The ice between this point and the large berg stranded half a mile farther to the 
north consisted of small pieces of floe tilted in every direction, and the same agency 
which formed the waterhole had disintegrated this into its component parts. In every 
depresedon — ^that is, over about a third of the total area— were small pools of ice-slush, 
still soft, into which water welled when they were prodded with an ice-axe. Ice which 
had formerly been a corporate whole had thus been broken up until it was only a loosely- 
aggregated collection of ddms, ready to be swept away by any power strong enough to 
overcome its inertia and such remnants of cohesion as were still present. 

This power was provided a day or two afterwards when, on the 16th, a gale of 
unusual force even for Cape Adare, blew for 12 hours, and left behind it a legacy m the 

form of a strait, 2 miles wide opposite the beach and extending as far as the eye could 
reach to the westward. 

Its limit could not be seen, even from the top of Cape Adare at a height of 1000 
feet (Plate OCXLIII). 

* The liBaTior float doopar in the water, and their TmderTBni&oe is irregular. They 

therefore pieBent a. much greater surface to Ihe action of the ounent. 

t Ice fonned from !B^azfl.-loe, as was the lower portion of the .floes north of Cape Adare, is vary loose 
and easily disintegrated. 
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J.he tliorougluioss of the two agents — the thrust from the pack and the succeeding 
wind ^was well demonstrated in the formation of this strait, the more especisklly because, 
to the north of the beach, there was situated a shoal on which was stranded a of 
bergs, which it had been hoped would form a protection to the ice in their lee. These 
bergs had, however, proved to be agents of a far different kind, for, between them and 
from them to all prominent points of land, cracks had been formed as a result of changes 
of temperature ; while, as has been pointed out, waterholes had been formed in their lee, 
due to their resisting the movement of the ice. 

During a later sledge journey, it was ascertained that this particular “ break ” had 
extended right across the mouth of the bay for about 30 miles bo the face of the glacier 
just south of Cape Scott. Eiven at its western end, it must have been of quibe con- 
siderable width.* 

The new ice which formed over this strait was again broken oub and carried to the 
north on August 25, and this time, again, the cause of the break had to be sought beyond 
the range of conditions in the immediate neighbourhood. 

A period of tranquillity now intervened and lasted for some time ; in facb, there 
was no further disturbance of note until October 14, when the waterholes again opened 
up considerably. Tliis proved to be the last recorded case of catastrophic break, and 
the future history of the ice was quite normal up to and through the final dispersion in 
the following Dc(jember and January. 

A comjjarison between the record embodied in the above remarks and that reported 
by the Soutliorn Cross Mxpcdition in 1899 is interesting, and would be more so if more 
detail could be obtained of the ice-conditions in the earlier year. So far as can be 
gathered from the official narrative of the 1899 Expedition, there was then no sugges- 
tion of any general break-up during the winter.f The first mention of open waterholes 
in the neighbourhood was on July 21, when Borchgrevinck, sledging round the east side 
of the cape, encountered bergs floating “ either in a sheet of open water or in a bed of 
ground-up icje.*’ West of the cape, which is the region dealt with in the preceding 
account, the first remark leading to any suggestion of loosening in the ice is dated 
October 27, when tlie writer says, The ice pack seemed to begin to slacken at 
this date.’* 

Bernacchi, the physicist of the 1899 Expedition, in a paper read before the Eoyal 
Geographical Society, is most emphatic about the possibility of examining the west 
coast as far as Cape North, an opportunity which he claims was thrown away by over- 
carefulness. This must moan that during the winter of 1899 the experience of the 
party was far different from that of the present Bapedition. 

It will appear later that there was no such difference between the dates of the final 
disappearance of the ice, so that these catastrophic breaks must be attributed to some 
factor or combination of factors which operated much mom powerfully in the winter 
of 1911. 

* Map xni. 

t C. F. Borohgrevinok, ' First on the Antarotw Continent.’ 
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Fig. 168.— -Ideal seoiion tbcoua^ a itmotion. between level one-year>old ice 

and *nmximioo1sy '* paok. 


A conapaxiBoii of tihe nieteorologLoal conditioiis at tte station during these two 
yeais shows that they had many points of resemblance, and that the gales were some^ 
what more prevalent during 1899 than during 1911, though of about the same force. 

It is necessary, therefore, to look for some other cause to account for the breaks, 
and it seems probable that the efEect both of wind and current on the ice depends largely 

upon the position of the 
u old heavy ice pack at the 

^ *4 _ *1 

time of the freezing over 
of the bay and the sea 
immediately to the north 
of it. If the pack is far 
distant from the cape, so that a fairly uniform sheet of new ice is enabled to form 
inside it, then a stable ice-sheet will be formed. 

It is undoubtedly the irregularities ia the upper and lower surfaces of the ice which 
give wind and current, respectively, a considerable portion of their power. 

The rdative hold given to wind and current by old “ hummocky ” pack and new level 
sea ice is well illustrated in !Fig. 163, which is an ideal section through a junction between 
a sheet of such Level-Ice and an area of heavy pack. 

The winds at Cape Adare probably lose their force rapidly as the distance from the 
cape increases, and the force of the current is greatly intensified round the end of the 
cape itself. If wind and 
current meet with very 
heterogeneous pack just 
at the spot where both oajx 
operate most powerfully, 
irruption of the pack 
against the Fast-Ice of the 
hay is inevitable. This 
is’ exactly what happened 
at Cape Adare in 1911. 

The sketch map. Kg. 164, 
shows the approximate 
position of the pack at the 
time the ice of the hay 
froze after the May gale. 

It can be seen that it 
was in position to do the 
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jROBBRTSOlsr 
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Hummocky Pack 
Limit ofUyicliec. 
?r? Doubtful. 



rig. 164. — Sketch map of Gape Adaj?e and Aobertaou Bay, showing the position, 
of the Level-Ioe of the bay, and the old *' hommooky *' pack ioe in Jday, 1911. 

Tna i XimuTiri . damage, to the outer fringe of the bay ice, and to be itself tom away from 
the latter by the north-westerly thrust of wind and current. 

It is only necessary to superimpose on these conditions a stormy winter along the 
shores of the Boss Sea, with a considerable consequent outward thrust of the Koss Sea 
pack, constant enough to prevent the ice outside Robertson Bay from properly 
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consolidating, and we have a combination of circumBtances quite adequate to account 
for the instability of the ice in this winter.* 

It is quite clear that the sea ice north of Bobertson Bay is normally the transition 
zone between the Fast-Ice of the bay and the free-floating ice of the main Antarctic pack. 
In favourable years, this ice might remain fast throughout the winter and the spring. 
Such a state of affairs could, however, never be relied upon. At any time, heavy weather 
in the Boss Sea and the 
tangential thrust of the 
Boss Sea pack may cause 
an abrupt break of all the 
sea ice south of a shal- 
low arc between Cape 
Adare and Gape Barrow 
(Fig. 104, pecked line ; 
also Fig. 165).t 

It will be seen from 
the sketch-map, Fig. 106, 
that Fast-Ice is of very 

inmgnifioaint amount com- M^Metboume .rS, 
pared witli the extent of 
the pack. Elsewhere than 
in a comparatively cn- 
closed sea, such as the 
Boss Sea, this discrepancy 
in amount will bo still 
more marked. 

This fringe of Fast-Ice, 
however, narrow and local 
as it is, has a very great 
importance to such Ant- 
arctic expeditions as en- 
deavour to carry out the 
exploration of the coastline 
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rig. 106. — Skotoh-map of tho Bofua Sua avoa, BliovSng roglons botili known and 
infocrod (tjio lattor dottod) whoro IFoot-loo may bo expootod to form and 
last until tho holght of summer. 


of the continent by means of sledge parties. It also affords the best opportunity for 

studying the growth of sea ice under ideal conditions. 

* Tho praotioal moral to bo drawn from this oompaxison between tho ioo conditions diirmg the two 
Boasons at Capo Adare is of immense importanoe to Antarctic o3q)lorors, and may bo stunmed up in a 
single sentence. Some typo of boat, or some covering which can bo used to oonvert sledges into boats, 
is on absolutely essential portion of the outfit of the Antarctic sledge party journeying over sea ioe. 

t A sketch-map of the Ross Sea area showing regions, both known and inferred (the latter in dotted 
lines) where last-ioe may be expected to form and last until the height of summer. (It will bo noted 
that the principal known stretch is that stretching from MoMuxdo Sound to the Drygalski Ice-Tongue. 
Here there is normally a strip of Fast-Ice several miles broad, which afEords a safe highway for sledging 
parties nntil the ioe begins to rot and break up in the late summer.) 
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Finally, it is believed to give rise to occasional semi-permanent ice-formations of 
considerable extent and interest, though this is not true to any great extent in the Ross 
Sea itself. On all these counts it is worthy of close study, and this is the reason why 
the present chapter has been devoted to a somewhat detailed history of the evolution 
of Fast-Ice based upon the personal experience of members of the Expedition. 

(6r) Disappearance of Fast-Ice. 

The last phase in the history of Fast-Ice is its disappearance and dispersion. Many 
factors play an important part in this, and these factors fall naturally into two divisions. 
These are : — 

(1) Those which take effect before the final break-up commences ; and 

(2] Those which directly cause this break-up. 

(1) (a) Ablation and Drift-chiselling . — ^In point of time, the first factor to have any 
appreciable effect on the disappearance of sea ice is ablation. This consists in the direct 
change of ice into water vapour and its removal in the atmosphere, and is of course 
effective from the time of the first formation of the ice. It is seldom, however, that the 
ice-sheet remains free from snow for very long after its formation, and, before ablation 
can come into operation on the ice itself, this snow covering has to be removed. 

In the removal of the snow, another process plays a very important part. Every 
gale which is accompanied by drift snow is armed with myriads of minute ice-chisels, 
and these cut the snow surface into ridges* and hollows, and may in the course of time 
remove it altogether. This drift-chiselling is a potent factor in the removal of sea ice, 
for, by its agency, large areas of ice may be laid bare to the fuU fury of the wind before 
the close of the winter. When the ice surface is finally exposed, the process of chiselling 
continues, though more slowly, and its depredations are added to the effects of direct 
ablation. In a district where drift is common, it is difficult to differentiate between the 
effects of the two agents and to estimate the amount of work accomplished by either of 
them ; but in a district where the winds are usually drift-free, as at Cape Adare and 
Inexpressible Island, a better idea can be obtained of the considerable amount of work 
carried out by ablation. 

In the present chapter we are only concerned with the ablation of Fast-Ice, and 
attention will therefore be restricted to examples having reference to this. Elsewhere, 
however, examples of far greater weight are cited. 

In the back of Terra Nova Bay, a sheet of Fast-Ice did form in April, 1912, under 
the partial protection of the Hell’s Grate Piedmont, and this ice persisted for the winter. 
The wind was so incessant that the snow could obtain little hold upon tTiia ice. As a 
result, after a couple of weeks, the latter had been swept and polished until it was far 
from easy to stand on it imder any circumstances, and quite impossible in a gale. 

In the autumn, a seal had been killed on this ice, and its blood, while warm, had 
melted its way in and had formed a pool which was -not quite flush with the surface \ 

* Saatmgi. For deaariptiozL, see Chapter 1. 

364 



before the Party left the winter quarters the blood of this seal, although in a com- 
paratively sheltered place, stood 2 or 3 inches above the general ice level. Such instances 
might be multiplied, but this example gives most conclusive evidence of the effects of 
ablation praobioally unaided by drift. It was very seldom that the winds blowing 
off Inexpressible Island carried any quantity of drift, though further to the north and 
south this was not the case. 

A pretty proof of the effects of ablation plus drift-chiselling, and one frequently 
demonstrated over a large extent of ice, is to be seen where the sea ice was originally 
formed from pancake ice. When the snow is first removed, this pancake structure is 
frequently masked by an inch or two of ice, which has been formed from the lower layers 
of the snow which formerly covered it. As this latter ice is chiselled and ablated away 
white Lines begin to appear which soon take on a regular aiTaugement, and are seen to 
be the ohumed-up edges of the former pancakes. If this process continues long enough, 
a perfect diagram of the initial structure of the ice is finally obtained. If the season is 
a mndy one, this appearance may be removed in its turn by furtliei' ablation before 
the summer is far advanced. 

Whether the weather is calm or stormy, ablation continues, save only when the 
atmosphere is saturated with water vapour. It is impossible, however, to pick out 
examples of this process without at once emphasising the very important fact that the 
amount of ablation depends to a most marked degree upon the presence or absence of 
wind. A gale of three days’ duration will have as great, or a greater, effect than calm 
weather during a considerable period.* 

One other example of the effect of ablation combined with drift-chiseUing on 
Fast-Ice is worthy of record. On the Northern Party’s first journey southward from 
Cape Adare, in July, 1911, the greatest difficulty was experienced in preserving the 
equilibrium of the sledge over an area of " spiky ” pressure in yoimg ice a few inches 
thick, which extended for a few miles to the south of the Gape, At tlie commencement 
of a spring journey in September, it was noticed that this pressure formed much less of 
an obstacle than had been expected from the former experience. The difference was 
at the time ascribed to imagination. By October, however, there could be no doubt 
that the pressure was much reduced in size, while many of the elevated pieces had had 
holes drilled through them and the ice was strewn with fragments of ice which had been 
broken off in the gusts of a recent gale. Half-way through November, before the 
summer sun had power to achieve any considerable melting, the pressure had ceased 
to exist as an obstacle, and an unusually heavy sledge was brought over it without 
any support being necessary. 

All that was left of a very nasty pressure area was a few rounded knobs and low 
ridges of ice, with an occasional heavy floe bleonging to the previous year’s pack which 
had been caught up in the new ice. 

(ft) Effect of Qrit and Dirt,— On dean sea ice, little melting takes place until 
the height of the summer, and the only effect of the early summer sun consists in a slight 
• As pointed out in Chapter VIII, this effect is nearly proportional to the square of the wind velocity. 
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glazin g of projeotdng points of ice and a slight softening of the snow-drifts, so that these 
latter become rotten ” and give easily underfoot. In the lee of exposed land areas, 
however, where grit and sand are carried on to the ice by the frequent gales, the story 
is very different. 

Within a few days of the first appearance of the sun, the larger pieces of the rock 
are seen to have sunk quite appreciably into the ice or superincumbent snow, while 
each individual grain of dust m the snow-drifts carries on its appointed work, and 
exercises a marked effect on the snow grains round it. The result is a gradual melting 
of th.e snow, or its removal as water vapour, and a consequent concentration of the dust 
on the surface of the sea ice. 

It is not until the process has continued for some time that the observer realises 
what an immense amount of dust has been carried on to the ice by the winter and 
spring gales. 

This process is to be well seen on the coast of McMurdo Sound, but it exercdaes 
a stilL more potent iofluence off the eastern shore of Robertson Bay. Here the rook is 
much more friable than the kenyte of Boss Island and the shores are much more abrupt. 
The amount of dust on the sea ice in 1911 was such that aU snow had been removed 
from the ice by the middle of November, and the only suggestion of the former covering 
of snow was the regular arrangement of the dust as wavy lines over oval areas. These 
were very perfect snow-drift ^osts — ^pseudomorphs after the snow ripples in tlie 
hollows of which the dust was originally deposited. 

As the summer reaches its height, the melting effect of the rock dust increases, 
and deep pits are scored in the ice which then becomes exceedingly treacherous. 

(c) Bffect of the Tempercst^e of the Air , — Towards the middle of January, 
this melting begms to affect areas where the relative proportions of snow and dust 
are very different, and where the snow, although diminished in depth, has managed 
to survive. 

Then, as the air temperature becomes hi^er, the ice begios to melt in earnest ; and 
as the sea ice melts at a temperature below the melting-point of snow, the first melting 
commences and continues beneath the shelter of these persistent snow-drifts. At the 
some time, the sun evaporates water from the pools beneath the snow, and part of this 
may be deposited in the middle portion of the snow-drift, so that a crust of ice forms 
across it. This process may go so for that a snow-drift, formerly more than 1 foot 
in thickness, disappears, leaving only a thin ice-crust like a pane of ^ass. If the unwary 
traveller steps on this, the ice-crust breaks, and he steps into a pool of brackish water, 
which may be some 18 inches deep. Such an extreme case has not often been 
encountered, because the conditions necessary for its occurrence are not common in 
the Antarctic. 

In a country starved of snow and subject to hurricanes, it is extremely unusual 
for any flat stretches of sea ice close to the coast to be deeply covered with snow ; and 
it is also very seldom that the temperature is high enough, even in the summer, for 
melting to take place from above to any great extent. 

see 



{d) Thmu Holes . — Thaw holes are of two types, and both are the result of 
extremely locsal conditions. The best-known examples of thaw holes are those of Hut 
Point and Cape Armitage, which were first noticed and described during the “ Discovery 
Hs^edition, 1901-4, and which are due to the presence of shoals oft these capes. 
The current sweeping past these capes is forced upwards by the shoals, so that, durii^ 
the winter, one source of the growth in thickness of the ice, the collection of frazil 
crystalfl, is reduced, while the water itself, rising abruptly from greater depths, is at a 
higher temperature than that near sea level at other points in the Sound. 

It is therefore certain that, at the begioning of summer, tlie ice o£E these points is 
less thick than elsewhere in the Sound. Immediately the temperature of the water 
rises, and it commences to melt the lower surface of the ice, the removal of the ice 
proceeds much more rapidly over these shoals, where the current is probably swifter, 
and where the lower layers of water are defl.eoted upwards. Plate COXLIV shows 
such a waterhole o£E the Same Glacier. 

The result is that, long before any visible efEect is produced in any other part 
of the bay, the ice becomes rotten over these shoals. At first, the snow covering 
may give bttle indication of the insecurity of the ice below, and, in this condition, 
the ice is most dangerous to travellers. Later, however, a black patch of open 
water appears over the centre of the shoal, wliioh spreads rapidly until the ice in 
the middle is entirdy removed and an open waterhole surroimded by very treacherous 
ice is formed. A single day is often sufficient to render thick ice unsafe for 
travel. 

A Bunilar deficiency in thickness was noticed over the shoal north of Capo Adare 
and it was here that open water first appeared in the summer. 

The second type of thaw-hole is formed by radiation from masses of black rode, 
and here again the best examples are found in MoMurdo Sound, ^riie Dollbridge 
Islands are formed of masses of dark volcauio rock rising sharply from the sea bottom 
about half-way down the Sound. The effect of the summer sun on these rocks is 
to raise their temperature considerably so that they radiate heat to the air and 
the ice around them. This constant radiation has considerable effect on the 
sea ice near them, as, indeed, in the case of the largest of the islands, may be gathered 
from its name (Inaccessible Idand). The islands are thus sun‘Ounded in early summer, 
sometimes for two or three months before the final break up of the ice, with these 
“ radiation ” thaw-holes, which increase in size as the summer advances.* 

(e) Effect of Temperature of W cuter . — ^The pack near Cape Adare generally loosens 
to a great extent during October and November, leaving large patches oi open water 
exposed to the rays of the sun, and thus the whole body of surface water is wanned during 
the course of the summer. 

• The equivalent of the ** radiation ” thaw-hole in the Antaiotic glacier is the radiation ** gully 
whioh borders portions of the glaoiers. It is probably largdy because of those holes that Weddell seals, 
which must have free aooess to the water, oongeegate on the ice round these islands in the breeding 
season. 
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It is some time before the rise of temperature makes itself felt to any great extent, 
but, towards the close of January, unless the efiEect is forestalled by the break up of the 
ice through the catastrophic action of wind or paok, the seaward portion begins to melt 
quickly from beneath and is then easily scattered. A good example of this "" rotting ” 
caused the loss of a motor sledge during the landing of the main part 3 ^s stores at Cape 
Evans. 

The ** Terra Nova had been moored to the bay ice for some two or three days, and 
heavy sledges loaded with stores had been constantly going to and from the ship. 
Captain Scott had noticed the weakness of the ice, and orders were given on January S 
to disembark the remaining motor sledge at once, and haul it ashore before the ice became 
too rotten. The sledge was lowered to the ice, but the speed of undercutting had been 
under-estimated, and the sledge broke its way through before it had travelled 100 yards 
from the ship's side. Indeed the rotting had proceeded so far that the ice in many 
places would not bear the weight of a man, and two or three duckings were the result.* 
This rotting from below, which is of such great importance in the destruction of 
the ice, is known as undercutting ” (Plate CCXLV) ; and its antithesis, “ overcutting ” 
. is to be seen where a 

swell is breaking along 
the edge of a sheet of 
sea ice, in a bay where the 
ice is heavily covered 
with snow. The snow is 
removed much faster than 



iPig. 100. — ^Example of oToiouttiiig Been at tho Bay of Whales, ia 

Fobruary, 1011. 


the ice beneath it, and the latter is left as a submerged tongue, which sometimes 
projects for a distance of several yards. 

A good example of this was seen at the Bay of Whales, in February, 1911, and this 
is illustrated diagrammatically in Fig. 166. 

While all the above phenomena may be seen in any single summer, the time and 
thoroughness of the dispersion of the Fast-Ice of the bays and coast of the Antarctic 
varies immensely from year to year, and must have some connection with the weather 
conditions in the respective seasons and during the preceding winter. 

If MoMurdo Sound, which has been studied longer than any other portion of the 
Australian sector of the Antarctic, be considered, we find seasons ranging between 'that 
of 1902—3, when the ice only broke back to within 4 miles of Hut Point, and 1907—8, 

when it had all been removed before the close of the big gale of February 17 — 19, 
1908. 


* It is under oizouinstoiLGea suoli as these that the herds of killer wales take a somewhat promhiont 
part in breaking away the ioe. It is to their interest that the Fast-Ioe should be broken up as suddenly 
as possible, since they find their prey upon it, and they know from ezpeiienoe that the (pucker it goes 
out the less ohanoe haye the Weddell seals of anticipating the break and lemcving themselves to safer 
suirou Tid i Tiffl . On several oooasions during the lost two Bnglish expeditions these fl-TiiTnftlft have been 
seen intentionally dispersing the fringe of rott^ ioe whioh, by diTniniH'hing the action of the swdOL and the 

thawing efEect of the warm water, tends to retard the break-up of the ice in the bays and sounds. 
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(2) Causes of the Bredk-wp of the Fast-Ice , — Let us now uousider the main factors 
which go to prevent the permanent survival of a sheet of Fast-Ice in position. First 
of all, must be placed the effect of the tides which rise and fall regularly, and thus 
prevent any firm attachment to the shores of the bay. l!*he tide-cracks formed by this 
movement are ever kept open, and, it it were not for the irregubirities of shorelines and 
the. presence of islands and stranded bergs, any single str<mg wind blowing off the land 
might carry the ice away with it. 

The action of glaciers, as already indicated, may be either protective — ^where the 
Ice-Tongues extend from an exposed coast well out to sea, and where they are even- 
sided and movement is slight — or, on the other hand, may be disruptive when, as in 
the case of the Maokay Glacier, the Ice-Tongue extends out from the back of a bay 
and is moving forward comparatively rapidly. 

The other agencies which produce lines of weakness in the ice have been mentioned 
already ; they are pressure, temperature changes, and wind. The oracles between the 
pressure waves are especially efficient in the partition of the ico-sheet, while the cracks 
due to temperature changes are also marked lines of weakness. 

Thus, we have in the sea ice a network of cracks which aid the disrupting action of 
winds, currents and swell from the open sea. The dispersal of the pack by rise of 
temperature, wind, current and swell, leaves the field free for operations on the Fast-Ice 
of the bays, and it is the break-up of tliis ice which falls within the province of this 
chapter. 

The forces in action are of two kinds - -those which break up the ice and 
those which remove it, thus exposing fresh tracits to the influence of the disrupting 
forces. 

This latter work is largely carried out, in the Ross Sea area, by the violent winds 
and by the current which flows northwards along the coast of South Victoria Land. 
The work of disruption may also bo partially effected by tlie strong off-shore gales, but 
by far the greater amount must be put down to other causes. 

This particular portion of the life-history of the sea ice has always been closely 
watched by expeditions in every portion of the Antarctic, because their chance of relief 
or detention is intimately bound up with it. It has been noticed again and again, 
that, while during southerly gales and even during calm spells, pieces of ice, sometimes 
of considerable size, break off from time to time and move north, it is on occasions when 
a swell makes itself felt from the north (the direction of the open sea) that mile after 
mile of apparently unbreakable ice moves out as regular rectangular floes, whose size 
is possibly dependent upon the amplitude of the swell. 

It is impossible to cite a more instructive example of this action than the 
occasion when, on February 14, 1904, several mUes of two-year-old sea ice broke 
out in the course of 24 hours, thereby freeing the '' Discovery ** for the first time since 
March, 1902. 

It will be seen from this discussion that the one feature which is most 
favourable for a rapid dispersion of the Fast-Ice in the Ross Sea area is the absence 
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of any oosBiderable belt of pack to the north to deaden the influence of the swell from 
the open sea.* 

Plates OOXLVI and CCXLVII show different methods of dispersion of fekst-ice. 

* Tkere seemB little doubt that, at least at Oape Evans, tidal ounents played an important part in 
the bieak-out of the ice. It is easily seen that the effect of spring tides in weakening the force holding 
the ioe in the bays to the shore must be considerable, for the movement at the tide-oracks is muoh accentuated 
at these times. This effect, however, is more or less locd and insufELcient to explain the dispersion of the 
seaward portions of ioe which may lie far from the land. It seems more than probable that at spring 
tides large volumes of warmer water enter MoMnrdo Sound and notably aooderato the rate of melting 
of the ioe from below. Both in 1911 and 1912 the open water was never far distant from Capo Evans, 
and, in both years, it was found that the dates on which the ice moved out generally corresponded with 
the time of the moon’s mairiTnnnn deolination. Ndson states that in the winter and spring of 1911 the 
current, as judged by the set of lines at his holes through the sea ioe, was between north and west, no 
indication of a southerly current being observed until December 3. On this day the ouiient was 
observed to be running stron^y to the south. This change in direction of the ounent as summer 
approaches is thou^t to be of great sigmffoanoe to the break-up of the East-Ice in MoMurdo Sound. 
Measurements of velocity and direction of the currents in South Bay during Deoember, 1911, by Nelson, 
also make it clear that the greatest movements of sea water take place about when the nooon has its 
maximum deolination. 



CHAPTER XI. 


ANTARCTIC PACK-ICE.* 

i 

{a) Gmt^rd Disimsim of Ankirotio Pac^e. 

The Antarctic pack may be defined as a medley of ice composed partly of sea ice 
frozen in the open sea, partly of brokeu-up remnants of the !East-Ice formed along the 
Antarctic coastline, and partly of the seaborne detritus of laud ice from the Antarctic 
continent and islands. Amongst its constituents are included fragments of ice ranging 
through every gradation from huge bergs and fioes many miles long and broad, to the 
ioe-orystals which are the fihst product of the supercooling of the sea, or the brasli and 
slush which are the ultimate solid residue of the disintegration of waterborne ice of all 
descriptions. The greater portion of the Paok-Ice has its origin at or near the shores 
of the continent and islands, but the main ice-girdle lying further off the coast is con- 
stantly being fed from this reservoir, the agents causing the northvmrd drive being 
the radial circulation of the lower strata of the atmosphere with an easterly component 
due to the earth’s rotation. These winds, with a predominantly south-easterly direction, 
cause a constant and comparatively steady drift to the north and west. 

This drift might bo expected to crowd the southerly shipping lanes with drifting 
ice, or even to drive masses of ice right up on to the dxores of the more southerly extending 
continents. That this takes place only in very exceptional years is due to another 
limiting factor — the westerly air circulation of the middle latitudes of tlve southern 
hemisphere. 

Between 40° and 60° S. latitude, these boisterous winds blow steadily from a direction 
varying between W.N.'W. and N.N.W., effectively neutralising the northerly drive 
given to the Antarctic pack by the southerlies of higher latitudes. Not only is the 
northward progress of the pack effectively limited, but such a measure of consolidation 
is set up through the influence of the conflicting tempests (and the surface sea currents 
which they cause), that the m&mge of ice forms a most effective barrier to the southward 
journey of ships endeavouring to make their way to the Antarctic continent. . Before 
the advent of the steamship, it was largely a matter of good fortune whether any great 
progress to the southward would be made. The introduction of steam and internal- 
combustion engines, during the later years of the 10th and the earlier years of the 20th 
centuries, has to a great extent overcome this hindrance. 

The increased possibilities thus opened up, have ^o assisted the modem navigator 
and scientist in elucidating to some extent the laws in accordance with which the ice- 
pack acts. Both these factors have done much to render ice navigation in polar latitudes 

* Sea-ioe defintaons will be foond on pp. 39$-394; 
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loss frauglit with danger. Nevertheless, the fact remains, and has recently been amply 
demonstrated by the fortunes, or rather misfortunes, of the Endeavour ” and the 
“Aurora,” that, under some circumstances, the Antarctic ice-pack can yet prove an 
impassable barrier even to modem ships, and that an error of judgment, or oven a degree 
of ill-fortune, may lead to irreparable catastrophe. 

Perhaps, from the navigational point of view, the most stiiking characteiistic 
of the Antarctic pack, considered as a whole, is the westerly drift, the existence of wliich 
has been amply demonstrated in recent years. ’ The cause of the drift is plainly to 
be sought in the controlling influence of the south-easterly winds. Observation of 
the pack in the north polar basm has long ago shown that wind plays a predominating 
influence in producing and controlling movement in free sea ice. 

That wind direction is the direct cause of the main Antarctic k?c-pack cinsulabioii 
has been proved several times by the drift of ships held voluntarily or involuntarily 
in the ice. On the map (Fijg. 167) has been plotted a diagrammatic mpresontatiou 
of the approximate courses of — 

(а) The “ Belgioa ” (Belgian Antarctic Expedition, 1898-99). 

(б) The “ Gauss ” (German Antarctic Expedition, 1901-03). 

(c) The Endurance ” and the “ Aurora ” (Shackloton Antarctic lllxpeditiou. 

1914^17). 

(d) The “ Deutschland ” (Klchner Expedition, 1910-12). 


In all cases, the northerly and westerly movement of the pack, considered us a whole, 
is very marked, while the preponderance of the northerly component is clearly duo to 
the shouldering ofE of the ice-pack by northward-extending projections of the <Jontiuont. 
In the case of the “ Endeavour,” the drift was at an average rate of 4 sea miles 

per day, while the « DeutscHand,” for some portion of the time during wliicdi she was 
imprisoned, reached a rate of 6 sea miles per day. 

Less opportimty was fortunately given in the Scott Antarctic Expedition, 1910-13, 

to study m detail the movement of the pack ; hut, from fche station at Capo Adare, 

toe steady norto-west movement along the coast of Victoria Land was well seen during 

e automn, winter, and spring of 1911, while from the ship, on the several occasions 

when toe wm navigating through toe paxsk, a general drift in the same direction 

WTM observed now to facilitate, now to hinder, toe attornment of her immediate 
objective. 

On. piatolady iM«e«tiiig piece oj eeidenoe wee eftirded by the euheequent 

of . beeg ^ a. ^ 2 01 8 mice of the eeawwl end of 

m MoBmdo Sound. IMb ioetongoe wee easily identdflable, because 

im ‘ 1 5“ bed been left by ShackUtou iu 

m September 1911 V * edge party, when m ak i ng their way along the west coast, 

Evans to 40 W N ^ from a point C miles south of Cape 

t^e same point. When the. Northern Party sledged down 
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the coast in November, 1912, the berg had disappeared and was doubtless many miles 
on its journey towards the north and the open sea. 

In the ShacHeton Expedition, 1907-9, the “Nimrod,” in January, 1909, was 
beset in the pack ofE Horseshoe Bay on the coast of Boss Island, and was carried across 
to the neighbourhood of the Nordenskjold Ice-Tongue before she could extricate herself. 
Further evidence might be cited from Ad^he Land^ where the Mawson Expedition 
also saw much of the ice-belt at close quarters. 

The deduction of most value which arises from all such observations is the generalisa- 
tion that passage to the shores of the Antarctic continent must necessarily be most 
difficult of access immediately to windward of prominent points of land or ice-tongues. 
In the Boss Sea, for example, the avoidance of the west coast has been a matter of common 
practice from the beginning of the present century. To this practice is due the fact that, 
until the case of the “ Aurora,” no instance had occurred in this sea of a ship being 
dangerously nipped m the main ice-stream passing close along the coast of South 
Victoria Land. Bisks have had to be taken on occasion, but every care has always 
been exercised during the attempts to land parties upon, and to explore from the ship, 
that portion of this coast north of the Boss Sea where danger is most likely to occur. 

While the direction of the prevailing wind is the outstanding factor causing Pack-Ice 
movement, three other influences which have a minor but important efiect must be 
recognised. These are : — 

{a) A westerly component of drift due to the earth’s rotation. 

(6) The effect of deep currents on the icebergs which form no inconsiderable portion 
of typical pack. 

(c) The obstructive effect of prominent points along the Antarctic coastline. 

■ I 

(а) That the first of these three factors does have a decisive effect upon the move- 
ment of the ice-pack has been proved by J. M. Wordie* in his paper embodying the 
observations on the Pack-Ice of the Weddell Sea, made during the drift of the 
“ Endurance ” in 1916. The fact that the westierly drift against the wind also took 
place towards a lee coast makes it still more significant. In any future attempt to 
calculate from more complete data the movements of the pack, this factor must be 
taken into account. 

(б) One of the features of an ice-pack is the extreme heterogeneity of the fragments 
of which it is composed. It is this heterogeneity which, beyond all other things, prevents 
the freezing of the fragments together to form a solid mass during the colder portion 
of the polar year. It follows naturally that this characteristic is of extreme importance 
in deter mining both rate and freedom of movement, and passage round the obstacles 
which so frequently obstruct its course. A solid ice-pack of homogeneous constitution 
would be a much more compact obstacle in the navigator’s path. It would also be 

very slow to move north, and would be more likely to become permanent by increments 
of snow. 

* Shaokletion Antazotio IBzpeditioii, 1914r-17 ; “ The Natural History of Paok-Ioe as observed in the 
Weddell Sea. J. M. Woidie, 'Trans, Boy. Soo. Edin./ vol, 57, part 4. 
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Within the ice-pack, there are . at least three distinct elements which present a 
radically difEerent degree of oposition to wind and current. There are the floes of 
Level-Ice, hummocky-floes, and icebergs. It is the last of these three which are chiefly 
affected by the deeper currents, as opposed to the surface drift of the sea water whidb. 
is controlled by the winds. The sight of bergs moving in an apparently diSerent direction 
from the main pack is a common sight in the Boss Sea. In some cases there is an 
actual difference in direction ; in others, the appearance is duo to different rates of 
movement in the same direction. From one point of view, this differential movement 
has a very decisive effect on the composition and stability of the pack. Not only does 
the resultant movement much increase the proportion of pressure ice to flat pans, but, 
in addition, open pack is made much more navigable by the continual surging to and 
fro of these more massive elements. On the other hand, the presence of large numbers 
of icebergs in close pack, especially in a pressure area against a coast, is one of the greatest 
menaces to the navigator which Pack-Ice presents. 

(c) The third factor limiting the controlling action of the winds is of paramount 
importance in the case of navigation alongside a coast for surveying purposes. It has 
an even more important bearing on the fortunes of the Antarctic Expeditions of the 
next few years than on those of the past. Those portions of the Antarctic continent 
at all well-known are those most easy of access, Pack-Ice is certain to give more trouble 
in those areas where it has, so far, entirely prevented near approach to the coastline. 

The greatest amount of danger from pack exists in an enclosed space. A narrow 
strait or a deep bay into which the wind blows directly is of course the worst of all 
positions. Nevertheless, the area to windward of a prominent point in the coastline 
can be almost equally dangerous. A sudden change or increase of wind may cause a 
ship to be beset in a few minutes, Pack which is close enough to be impenetrable 
merely wants a little extra pressure to make it dangerous, while pack on a lee shore 
may always cause disaster, even if pressure is not sufFiciont to liause ac'tual crushing 
of the timbers of a ship. 

A special class of obstruction which is peculiar to the Antarctic is that provided 
by the many Ice-Tongues which protmdo at intervals along the coast of all known 
Antarctic lands, and which are perhaps the most striking formations characteristic 
of the present stage of the Antarctic glacial cycle. From the point of view of the navigator 
of Antarctic seas, they are the greater menace, because, while often extending many 
miles out to sea, they bear no fixed relation to the trend of the coastline. It is in 
respect of these tongues that the recent observations upon the drift qf the main Antarctic 
pack may be most useful. The presence of such a tongue to leeward may be inferred 
with some certainty if no other sufficient reason, such as shoal water or a seaward 
extension of the true coastline, exists to account reasonably for an ice-jam along an 
otherwise clear coast. 

(6) Origin of Pooh. 

In so far as the Antarotic pack is composed of fragments derived from land ice 
formations, from the icefoot and from sheets of Fast-Ice, its origin has been 
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compretensively dealt with in previous chapters. A great proportion of the ice, 
however — and this appears to be greater in the Wedd^ Sea than in the Ross Sea — is 
formed in the open sea, and is thus exposed to somewhat different conditions from the 
Past-Ice of more southern latitudes. 

The difference as observed in the Ross Sea can be summed up in two or three 
particulars, all of which have been recorded for Weddell Sea pack by J. M. Wordie, 
and all of which appear to operate to a somewhat greater extent in the area studied 
by him. 

If we compare the conditions under which sea ice freezes, in the coastal strips and 
bays where Fast-Ice normally forms in the autumn and early winter, with those under 
which ice forms in the pack in the open sea at more northerly latitudes, two or three 
differences will at once become obvious. In the one case, the ice freezes in comparatively 
large sheets, in water free from previously formed ice, except for occasional bergs and 
heavy stranded floes. In the pack, on the other hand, formation goes on mainly in 
restricted areas, often full of slush, and usually of rather elongate form. With this 
habit may bo correlated the occurrence of rather aberrant modes of formation, as, for 
instance, the growth of the top layer as fan-shaped bundles of plates set vertically in the 
water, as opposed to the more normal horizontally disposed crystals which usually 
form the upper layer of ice where large stretches of open sea have frozen over. It is 
along ice edges such as the one mentioned by Wordie, in citing his type case, that such 
specially disposed groups of crystals are to be expected. They will seldom occur where 
there is no rigid support for them to grow from, though this mode of formation in a 
large sheet has been seen many times in MoMurdo Sound. In the pack, the lengtli 
of ice edge along cracks is great in comparison to the amount of open space at any one 
time. It is, therefore, only to be expected that this method of formation will be muoli 
more common (where the crack is free from brash ice), while another predisposing cause is 
the absence of wave action which must also be a feature of such narrow leads and cracks. 

Ferrar’s observations regarding the normal method of formation of the upper layers 
of ice in open spaces of water is borne out by our own experience, the tendency 
quite clearly is for the crystals to form in a vertical position if they have the necessary 
support such as is afforded — ^in the case of ice forming in a lead — ^by the solid ice edges 
already existent ; in the case of ice forming in the open sea — ^by the initial layers of 
crystals horizontally disposed. In the latter case, until the initial layer is formed, it is 
extremely unlikely that single crystals will remain vertical, as there is almost always a 
certain amount of movement in the water. An exception to this rule which has been 
observed to take place occasionally in very ocdm weather, is where bundles of horizontally 
disposed crystals form the nuclei around which groups of vertically arranged crystals 
are disposed. This gives rise occasionally to stretches of very beautifully mottled ice, 
the wedge-shaped bundles with different orientation showing up particularly well on 
ablation-weathered surfaces (Plate LXXVI). 

Similarly, another mode of formation, that of the out-growth of single large crystals 
or lines of crystals from the sides of cracks, which 'was observed several times near the 


376 



edge of the Fast-Ice sheet at Gape Adare aud Cape Evans, is much more common in the 
pack than in Fast-Ice. 

An abnormal type of ice, which appears to be formed in the pack as well as in Fast- 
Ice, is characterised by horizontal layers of bubbles at intervals of from a quarter of an 
inch to an inch, or more. Such a concentration of air along definite horizontal planes is 
susceptible of several explanations, and such ice is probably foimed in several different 
ways. The formation of layered ice by overflow along the edge of tide-craoka has already 
been referred to elsewhere. Smular ice is doubtless formed in great quantity us an incident 
in the formation of small pressure floes, such as that figured in Plate CCXLVIII. In 
such cases, concentration of air along the dividing planes, if it does not occur at the 
time of formation, is quite likely to take place to a greater or less extent during later 
structural changes. 

Another way in which layered ice frequently has been observed to form is when the 
sea is just commencing to freeze in the early autumn. At this time, it is usually only 
for a few hours in each day that freezing takes place. During the remainder of tlie time, 
freezing ceases and melting may even predominate. At such times, certainly, concen- 
tration of gas does take place immediately underneath the ice-skin. The air thus 
concentrated is subsequently entangled among the next crystals formed, and is finally 
frozen in as a more or less well-defined layer of bubbles. Icq formed in this way has 
been observed with a dozen to fifteen well-marked layers. It seems reasonable to infer 
that, at times, ice of similar nature will form in the pack belt itself. 

Yet another method by which layered ice is likely to be formed in any region where 
pressure and tension exists, is by the bowing of young ice, a slight change of equipoise 
resulting in the raising of a sheet of very youiig ioe above the water and the trapping of 
a certain amount of air beneath it. A release from tension will allow the ice to settle 
down more or leas completely, and the air will be (partly, at least) incorporated in the 
new ioe as a layer of bubbles. The existence of air in pockets under ice has been ofbeu 
enough demonstrated (Chapter X,; Page 343). 

A special feature which affects Packrioe, in greater degree than the Fast-Ice, of the 
Ross Sea area, is the amount of precipitation which takes place during its normal life- 
history. This may be considered in terms both of condensation of water vapour from 
the air as hoar-frost and of snow as generally understood. In latitudes 00° S. to 70° S., 
within which geographical limits the ice of the Antarctic pack spends the greater portion 
of its existence, the snowfall is undoubtedly heavier than along the coast of South 
Victoria Land where, the Fast-Ice of the Ross Sea area has been closely studied. The 
amount appears to vary widely even ^thin these geographical limits and also in terms 
of longitude. For instance, Diygalski ascribes much more iinportance bo the growth of 
Antarctic sea ioe from above than does Wordie, while the scanty records from the 
Ross Sea would serve to suggest that here, near the southern limit of the pack belt, 
the snowfall is much less than in either of the above places. This is perhaps only to be 
expected when one compares the relative degree of glacierisation of Ad61ie Land 
with South Victoria Land, and of the Balleny Islands, or any other islands at about this 
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Wtitude, witt the ifilands close to the continent further to the south. That a compara- 
tiyely large amount of snow in the latitudes where the westerly ocean air circulation 
meets the soulJiedy contih^tal'air circulation seems to be certain. 

Another factor which must tend to bring about both a greater fall of snow, and an 
almost continuous deposition of hoar-frost from the air, is the fact that new spaces of 
Open water are continually being exposed even during the coldest months of the year. 
In this respect, the contrast between Pack-Ice and Past- Ice was extremely well seen at 
Cape Adare. 

This peninsula is lie north west boundary of the Ross Sea proper, while it forms 
also the eastern boundary of Robertson Bay in which Past-Ice is every year typically 
developed. During the winter, openings in the Past-Ice of the bay are few and far between, 
being limited to temperature contraction cracks, or to cracks caused by the movements 
of bergs. Being of very sniall extent, these cracks usually close over very quickly, and, 
tiou^ frost-smoke sometimes outlines' them for a few hours, they can have bad bttle 
effect bn the vapour-content of the atmosphere as a whole. 

Par different, however, was the case to the east, north and north west, beyond the 
confines of the hay. Here, the main Antarctic ice-pack impinged against the continent 
after its westerly drift roimd and across the mouth of the Ross Sea. Every day new 
cracks appeared ; at times of gales, the cracks, pools, and leads within sight of the top 
of the cape might be numbered in dozens. Occasionally a great catastrophe would 
tear the ice across like a sheet of paper, leaving a belt of black water a mile or more broad 
at its eastern end and narrowing until it died out towards the west coast as one or more 
linear cracks. Every lead was covered for days with a deiise canopy of frost-smoke. 
Heavy rolls of cumulus cloud to the northward attested daily to much more important 
breaks in that direction. 

When northerly airs blew from the affected region over the beach at Camp Ridley, 
every ice-hlodt along the icefoot was covered with a layer of ice-crystals of that powdery 
granular appearance which always accompanied rapid deposition from a saturated 
atmosphere. Every rope, every bamboo survey stake, would be covered to windward 
with frost crystals. The air had that peculiarly raw ” fed, which was never 
experienced except when it was at or near saturation point. Ice-flowers grew.r^apidly 
on all possible salt nuclei, and sometimes so quickly as to become converted into 
veritable ice-knobs. 

A gjlance into the bay at such a time would show the reverse side of the picture very 
well. It was sddom that the saturated air penetrated very far to sotuthward of the beach. 
What little deposition was accomplished was quiddy neutralised in the first few minutes 
of the next southerly wind. Here, as iu ahnost aU other East-Ice regions in the Ross Sea 
area, the predominant factors affecting the surface of the sea ice were ablation and drift- 
chisdling. Certainly, the ice received no great accession from above ; often it was being 
worn away bomparativdy rapidly, a polished ice surface being the result. This would 
indeed have been much more the -case, but for the dogging action of the brine particles 
bn the surface of newly-formed ice, which converted the first coating of snow into the 
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salt, sticky, tough aggregate known to the sledge traveller as salt-flecked ” surface. 
It was usually some weeks or months before this dried sufficiently to permit its removal* 

In spite of this slight conservative influence, however, even at Cape Adare, where 
snowfall was a factor common both to Pack-Ice and Past-Ice, the constant deposition 
from a saturated atmosphere over an ice-field continually opening to expose fresh leads 
and pools was sufficient to give quite a different appearance and character to the latter. 
Hollows in the pressure ice were filled, with snow, and the ice altogether had a much more 
snowbound appearance. Growth from above was a notable factor as explained in 
Chapter X. This was apparently much more the case in the Weddell Sea. Here 
Wordie records no single day without excess of deposition over ablation. Drygalski,* 
again, in his discussion of the Paok-Ioe off Kaiser Wilhelm Land, refers to the addition 
of as much as 6 to 7 metres to the floes surroundmg the “ Gauss,’* a figure out of all 
proportion to the deposition observed in the Ross Sea. 

The ice in the main pack-belt must, therefore, grow appreciably from above ; while 
the lower latitude which it inhabits after leaving the shores of the continent ensures 
also a comparatively slow growth below, as compared with Fast-Ice. Pack-Ice of more 
than one season’s growth might thus, quite conceivably, contain a negligible amount of ice 
which was formed by the freezing of sea water. The summer temperature of the sea 
will often quite suffice to melt a winter’s accumulation of sea ice, particularly in favourable 
situations. When, however, fresh ice is being formed by the addition of several feet of 
snow and its penetration by sea water percolating from below, a residue is likely to survive 
into next year. Our own experience of Ross Sea Fast-Ice and Pack-Ice is that it normally 
lasts through one season only, with the exception of that formed in certain of the deeper 
bays, or the small amount formed in other peculiarly favourable situations, os where 
it is protected by shoal water, islands, or icebergs. Wordie’s experience in the Weddell 
Sea suggests a normal life of two years for the pack in the track of the ** Endurance ” 
and the boat parties. Von Drygalski claims a much greater age for the pack met by the 
Gauss, and this, it correct, must be correlated with a greater snow-fall and consequent 
quicker addition from above. 

(c) Speddl C<msideTati(m of the Roes Sea Pooh, 

Apart from the passages of the “ Terra Nova ” south and north, which were made 
approximately between the meridians of 160® B. and 170® W. longitude, the poiTHts d'appui 
from which members of the Expedition, had opportunity of observing the character and 
the movements of the Ross Sea pack were — ^from east to west — Cape Crozier, Cape 
Royds and Cape Evans, Granite Harbour, Terra Nova Bay, and Cape Adare. Observa- 
tions from all these points agree in emphasising the correctness in principle of the 
westerly circulation of the pack in the Ross Sea area. Where the ice stream crosses 
the mouths of deep bays, such as McMuxdo Sound and Robertson Bay, or passes the 
snout of ice-tongues, such as the Drygalski and the NordenskjSld Ice-Tongues, thifl 
simple circulation is complicated by the existence of eddies. These delay the northward 
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progress of a small proportion of the floes^ and often prolong their life by throwing them 
into a backwater or natural trap in which they are caught up again in the next season’s 
Fast-Ice. 


The only special feature afEecting the circulation in the Boss Sea is the undoubted 
existence of a current flowing from underneath the Boss Barrier^ past the shores of Ross 
Island and up the coast of South Yictoria Land, where its presence may be inferred from 
the persistence of the waterholes in the lee of the ice-tongues mentioned above. (See 
Chapter X.) 


The experience of different steamships endeavouring to make their way into the 
Boss Sea varies from that of the “ Nimrod ” in January, 1908, which saw practically no 
pack, to that of the “ Terra Nova ” in December, 1910, which was 30 days forcing her 
way thxou^. On the map, Fig. 168, an endeavour has been made to plot dia- 
grammatically the breadth of the belt of pack as encountered on different elates, in 
different years, and in different positions, by the various ships that have endeavoured 
to penetrate the Boss Sea, The diversity of the dates and tracks, and the lack of 
knowledge, in the majority of oases, Of the weather of the preceding years, militates very 
much against the possibility of drawing valuable deductions. The facts should be placed 
on record, however, in available form, if only to avoid repetition of the work of the present 
compilation. In the same way, Table XIV gives for each outward voyage the latitude 
and longitude of entrance and exit from the pack, together with tlie appropriate date. 

As an example of the unexpectedness of some of the factors entering into tlie 

problem, the extreme case of the “ Nimrod ” in 1908, may be cited. The ship sailed for 

^ny Imurs through immense fleets of tabular bergs at about the time and latitude when 

it might have been expected that she would meet the pack. It is extremely likely that 

the absence of pack on this occasion should be correlated with the preseni^c of those 

bergs, which can only have arisen from the breaking away of a large stretcdi of the Boss 

Bamer. The subsequent survey brought to light, among other things, the disappoaranco 

of Balloon Bight, the walls of which were low and might well have been represented by 

the diffs of some of the bergs seen. This extraordinary absence of pack at the entrance 

to the Boss Sea has since been paralleled by the experience of the “ Aurora,” wliich, 

on Its outward voyage with Shackleton’s Boss Sea Party in 1914 -15, passed through 
only one mile of pack. 


Ab early as 1898, Boi^grevinok gave instructions to the captain of tlie “ Southern 

OSS to bring l^e ship do'wu farther to the east than her first voyage had been inado. 

1 * pr^tical result of his own experience. The principle was more and more 

It years passed untfl, My, Pennell brou^t the “ Terra Nova,” in 

1912-13, so far oast as to touch 100“ W. longitudo. 

* “formation summarised in Table XIV has been plotted in Pigs. 169 and 170 

tL Z ^4 np to date, so far as possible in graphic form. In both figures 

Inn lepresents the date and position— in the one figure, 

ome ’ latitudfr-on and in which the ship entered the pack. The centres 

ene cue es similarly show the dates and positions on and in which the main 
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Table XIV —K and S. Ijmifcs of Pack in the Boss Sea. 
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* No leal pack met with ; fleets of bergs only, 
t One mile of pack only encountered. 
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paok belt was cleared. In Fig. 169 lines have been drawn horizontally from date of 
entrance to date of exit to show the length of time the ship was detained in the 
In Fig. 170 still further information is given by plotting against similar linos, vertical 
lines showing the breadth of pack in latitude. Certain conclusioiiB and infei*enoos can 
be arrived at from these diagrams and these are tabulated below : — 

(o) The first conclusion that can be drawn from Fig. 170 is, that the earlioj* the pack 
is met the longer will the ship take passing through it. With the single Tuarked 
exception of the Terra Nova ’’ in 1912-13 (No. 13), the latitude of the northern edge 
of the Boss Sea pack appears to have been nearly independent of date, ^rhin ia to be 
expected, as it is controlled by two factors, neither of which is likely to be niucdi aifectod 
by time or season. The first of these is of course the geographical position of tlie (ioast- 
line of the oontment, which shoulders off the pack to the north. The second is the 
position of the line of junction of the southerly and westerly air circulations whi<di, while 
it probably does change its place at different seasons of the year, is not likely to <lo so 
during the few weeks under consideration. 

(6) The date of leaving the pack in the normal case (tracks 1, 2, 4, 6, 7, U, 11, 12) 
varies from December 30 to January 16. It will be seen that the latitude of 
leaving the paok is lower the later it is left, indicating a northward drift of its 
southern boundary (in about 176® E. longitude) of something like 200 miles in 15 days. 
This northerly drift is indicated by the full black line drawn along the general lino of 
direction of the various points; The combined influence of tlie southerly component 
of the prevaihng strong winds, of the Ross Sea current and of melting is able to (jrowd 
the southern edge of the pack northwards, in spite of any countervailing iufiuences. 
Cases 8 and 13 a^e clearly exceptional, and 13, in particular, is undoubtedly to bo 
associated with the weather conditions of the previous winter. 

(c) A comparison of the horizontal and vertical interrupted lines in Fig. 170, shows 
that the speed through the paok is slower the earlier the pack is entered. This is to 
be expected sinoe, the earlier the date, the less chance have the thawing influences of 

the Antarctic summer had to reduce the winter’s accumulation with a consequent 
opening-up of the ice-belt. 


The most notable exception is that of the “ Antarctic ” in 1891-92 (No. 3). This 

is readily accounted for, the “ Antarctic ” being a whaler and. not primarily an exploring 

p. Her captain s duty was the exploitation of new fishing grounds, and he was 

therefore more concerned with endeavouring to fill her hold with seal oil and skins 

attempting with all possible speed to pass through a vexatious hindrance to 
extended exploration. 

(d) At first sight, one of the most striking coincidences is that shown in Fig. 109, 
7 ^'1. A Ptserved to have left the pack in the neighbourhood of 178® E. 

4 an incident of exploration and bears no relation whatever 

ni ^ Paok-belt. It has happened that the objective of the great majoritv 

Rov J p * ^ south-west oomer, where Ross Island and the 

7 ty ange have ofier^ the most promising sites for winter quarters and 

\ . - - ^ 
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detailed exploration, and wlience runs the main highway* to the Pole. This fact accounts 
for the convergence of the ship’s tracks in the map, Pig. 168. 

(e) A comparison of tracks 9 and 11, which refer to the same year (1910-11) should 
be of more than ordinary interest. Fig. 170 shows that the pack was met slightly further 
south at the later date. Fig. 169 shows that it was entered further west by the Pram ” 
than by the “ Terra Nova.” The difference both in latitude and longitude is slight, 
and the figures taken together appear to indicate that the northern edge of the pack 
in this neighbourhood remains about unchanged from early December to early January. 
Thus the inference is, that the northern edge of the pack neither changes very much 
from day to day, nor, as pointed out on p. 384, from year to year. 

(/) From Nos. 10 and 12 it is apparent that the pack was entered by the Fram ” 
and “ Terra Nova ” about the same time, but at diSerent longitudes. The inference 
is that the pack is met further to the north the further east one goes. This agrees 
very well with the presence of the belt of unexplored country to the north of King 
Edward VII Land, where the ice has been so thick that all attempts at exploration 
have so far been shouldered off. Somewhat against this conclusion, however, must bo 
set the experience of the “ Terra Nova ” in the following year, which met no pack 
until latitude 69® 30' S. was reached. This year was, however, clearly an exceptional one. 

As one might expect from the fact that both these tracks leave the pack in the 
same longitude, they left it practically at the same time. Obviously, therefore, it is 
better to enter and traverse the pack at right angles to its northern boundary as did 
Nos. 10 and 9. 

(g) A consideration of the latitude diagram (Fig. 170) and the longitude diagram 
(Fig. 169) seem to confirm that entry on the western side of 180® longitude is best 
in a normal year. The shortest passages have all been between that meridian and 
176® B. longitude. It is possible that the pack is here slackest, due to an eddy in the 
Ross Sea, but the evidence is much weakened by the fact that, owing to a geographical 
accident, the objective of all ships causes them to leave the pack in about tlie same 
longitude, 

A glance at the two tracks which keep well to the westward of the meridian (the 
^‘Fram” 1911-12 and the “Southern Cross” 1898-99) affords proof enough of the 
wisdom of keeping well to the east of Cape Adare, while this evidence is borne out, 
both from theoretical considerations of the westerly drift and from the experience of 
other cruises whose tracks are not included. With a general westerly set along the 
coast, Cape Adare and the coast to the north must always form the buttress against 
which an important jam has its existence. In the immediate neighbourhood of the 
cape, the surge of the tide in and out of Robertson Bay complicates matters. This 
inward and outward drive of the tide causes a rhythmical intemiption in the main 
circulation at the entrance of the bay. Alternately, it makes the beach at Cape Adare, 
at ebb-tide, a possible objective for a landing-party, while at flood-tide it opposes great 
obstacles to the disembarkation of stores, and, at times, exposes a ship so engaged to 
considerable danger. Only in very favourable spells of light westerly or calm weather 
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will it be safe to venture close to the coast to the west of Capo Adarc, from wliich 
prominent ice-tongues yet unmapped may project to form traps for the piicjk swooping 
along parallel with it. 

The only voyage very far to the east in the Boss Sea is that of rouiicll in tlio T(?rra 
Nova ” in 1912-13. The fact that the pack was not met until 69^* S. latitude augured 
weU for the success of the new departure, but the year was a most unfavourable one for 
experiment, and the ship subsequently found herself involved in local Boss Sea pack 
from that latitude to as far south as TS** S., an unprecedented latitude in which to clear 
the pack. 

In a normal year, the Boss Sea pack could not have remained so far south «is 75®* S. 
until January 11. The unfavourable year undoubtedly stultified BenncirH experiment, 
and it has still to be proved whether, normally, the 166th to IVOtli meridians of west 
longitude may not be a good direction from which to start the westerly journey towards 
the Victoria Land coast. It must be admitted, however, that Boss’s experience in 
1841 strongly suggests the neighbourhood of 180® as the better of the two, for the 
Erebus ” and Terror ” followed the pack edge from the eastward and found it 
impenetrable in longitudes east of the latter meridian. Moreover, tluo'e are cc'.rtain 
indications that the pack belt normally runs, not east and west, but with a slope to the 
north-east, so that Pennell’s course would naturally take him through a greater tliiekncsH 
of pack. An exception to the above generalisation would perhaps be furnished in tlui 
case of a particularly stormy spring at a time when there had been no groat ac.c*.iunulatiou 
of ice. Then the Boss Sea ice might be disposed of as quickly iis it was broken up, and 
Cape Adare and the west coast of Victoria Land be particularly easy of acH;ess early 
in the^ year. Possibly the success of the “ Discovery ” in penetrating to Wood Buy 
early in 1902 may have been due to such a favourable combination of cinuunstaTiccs. 
Something of the same kind must have taken place to enable the Aurora ” in 1913 
to penetrate into the Boss Sea without meeting any pack at all. 

The results of the many voyages seem to indicate that the pack varies from year 

0 year more m accordance with the weather of the previous season than any other 

ac or. ere, again, the data are very insufficient, such information us wc possess 

being in Tables XV. and XVL, wMcb show the temperatures ami wind 

velocitieB for several years. 

and together as Cape Iloyds, Cape Kvaiw 

reliann^ omf^have theiT weathOT so far influenced by local conditiouH that little 

-wintOT Statistics, except in so far as they refer to the 

of the three ^ti instance, the severity of the temperatures 

“"r ami south of 

distance from, the open” ^ter Tthe their proximity to, or 

on the other In tL I ^ 

extent by the annli h®^®v«, these disparities may be eliminated to some 

by the apphcation of a definite factor representing variation due to 
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Table XV.— Monthly Mean Temperatures. 
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At present, enough is not known for this to be done, though the whole of the 
available infonnation. is included to serve as a basis for future comparisons. It is, 
however, possible to observe a distinct excess of wind in the period 1011-13, as 
compared with earlier years in the same localities. It might then be expected that 
these years would be correlated with a period of unusual difficulty in the navigation of 
the Boss Sea, and this proved to be the case. There is every reason to postulate similar 
conditions in 1909-10, when the Terra Nova was 30 days passing through the 
ice-belt. Certainly, in 1911-12 and 1912-13, navigation within the Ross Sea was 
rendered particularly difficult by the quantity of Pack-Ice. The direct result of this 
is seen in the failure to pick up the Western Party at the correct date and place, and 
the failure to pick up the Northern Party at all. The loitering of a large amount of 
pack in confined waters like the Boss Sea implies a general excess of pack all along the 
surrounding coasts, for otherwise the southerly gales of a stormy winter would soon 
drive the Ross Sea ice north. That this was so in 1911-12 and 1912-13, is borne out 
by the observations of the Mawson Expedition furtlier to the nortli and west. The 
captain of the Aurora,’’ the ship of the Australasian Antarctic Expedition, reports a 
belt of pack off Adelie Land and King Greorge V Land, which progressively increased 
in breadth and closeness from 1911-1.2 to 1913-14. There seems every reason to 
infer that conditions all over Bast Antarctica favoured the a(’.cunnilation of Pack-Ice 
in these years. Tlie weather ideal to such an accumulation is rather a stormy tluin 
a cold winter. Even cold such as was experienced in tlic Ross Sea in 1911-12 
and 1912-13 is quite sufficient to freeze the sea surface along all coasts. Throughout 
the autumn, winter and spring, a calm spell of a week’s duration will produce an ice- 
sheet of thickness sufficient to ensure its moving north and west in moderate sized Hoes 
nob easily reduced to brash. A gale following such a short spell of calm will certainly 
blow such a sheet away. A few days of fine weather, and another gale — ^thc usual 
sequence of Antarctic weather along steep coasts — mil repeat the process. Imagine 
this going on through the 6 or 8 montlia of a stormy season along a coast thousands 
of miles in length, and it is quite clear that the amount of ice formed and hold south 
of the westerly” zone is likely to be more than can be dealt with by the nonnal 
melting of a single season. 

In Robertson Bay alone, in 1911, which was the less stormy year of the two, ice 
sufficient to fill the bay at least five times over was formed and driven out before the 
final fast sheet settled in. 

Off the mouth of the bay, and within sight of the top of the cape, the continual 
opening of leads and pools due to current and gales must have caused the formation 
of sheets of new ice sufficient to cover the area in view two or three times at least. 
Besides this must be counted the ice which was telescoped on already existing floes, 
in the form of pressure ridges and areas. This also enters into the problem to the 
extent of making the resultant pressure floes more resistant to denudational iofluences 
and therefore longer-lived. 

Another factor which tends still more in such a season, or series of seasons, to 
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bring about unusual accumulation and persistence of ice, and bence greater difficulty 
of navigation, is the resultant damping of the swell from the north, which normally 
plays a most important role in the disintegration of the Fast-Ice along the coast of South 
Victoria Land. The sheet of Fast-Ice will be of less thickness than usual, because 
it settled in finally at such a late date. Nevertheless, it may remain for a longer period, 
if the Ross Sea is so full of pack that the swell is damped to a great extent. It is under 
conditions such that the winter’s accuaiulation of pack is not dispersed until late in the 
autumn, that one would expect the survival of the coastal Fast-Ice from one year to 
another in favourably situated landlocked bays, or over iceberg-studded shoals. 

One aspect of the problem, on which practically no direct evidence is available, 
is the question whether the surface of the main body of the Ross Sea is itself frozen 
over during the normal winter. In spite of the existence of stations, in 1911, all round 
the fringe of the sea from Amundsen’s winter quarters at the Bay of Whales to our 
headquarters at Cape Adare, a glance at the map will show that the available evidence, 
BO far as direct sight goes, is confined to a comparatively narrow fringe of shore water. 
The question of the state of the sea in winter is one on which we have indirect evidence 
only, and very little of that. 

The freezing of the surface of a deep sea must always be rendered difficult by 
convection currents, and it is a nice question whether such a circulation might not well 
be sufficient to keep the surface unfrozen, in spite of the freezing of the shallower 
portions along a coast, or even over the continental shelf. In these shallower shoreward 
portions of the sea, convection is imable to overcome the direct cooling effect of the 
contact with the atmosphere. Even here, however, as is shown by the waterholes 
to the north of the Drygalski and Nordenskjold ice-tongues, a geographical accident 
causing the uprising of the lower layers of the mflin Ross Sea current is sufficient to 
delay the local freezing of the sea for months — even in the case of Terra Nova Bay 
until the end of the winter.* In 1912, at Terra Nova Bay, the Drygalski waterhole 
remained open throughout the whole season. 

The only evidence at our disposal bearing upon this particular aspect of the problem, 
is that gathered by the parties that have visited Cape Crozier during the winter and 
spring, and that provided by Amundsen. 

At the former station, each party in turn has remarked upon the fact that, after 
any blizzard of normal strength, the sea norfh of Cape Crozier has been swept clear of 
ice to the horizon. Additional evidence of this being the normal state of affairs is, we 
think, provided by the fact that Cape Crozier is occupied by the only Emperor Penguin 
rookery known to exist in the Ross Sea. The desiderata for such a rookery are 
presumably three in number : — 

(u) Shelter from the direct force of the wind. 

(6) A reasonably safe site for the rookery itself. 

(c) Access to open water for feeding purposes throughout the year. 

• This winter was, however, an exceptionally atonny one. 
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Of these throe, the last two only affect the present problem. As regards the site 
for the rookery, suffioiently large pieces of Fast-Ice may be expected to form in 
any position where the coast has shallow indentations such as that formed by the 
junction with the Ross Barrier, and where the steeper portions of the coast and barrier 
form a wind-break. Access to open water, other than the hazardoits expedient of having 
recourse to problematical and easily-closed cracks, is essential for the proper rearing of 
young ones bom in the middle of the winter. The only other Emperor Penguin rookery 
known — ^that at Queen Mary’s Land — ^is within easy reach of open water,* 

Professor David, who met Amundsen immediately on his return from tlio Antarctic, 
has placed it on record that, during the whole of the winter at the Bay of Whales, open 
water was never out of sight of the Norwegian winter quarters, t 

Thus, the evidence from this station confirms that already cited from Cape Crozier. 
Further evidence in the same sense is provided by the way in which tlie sea remained 
open north of Cape Royds during the Shackleton Expedition, 1907-9, and also at the 
entrance to MoMurdo Sound during the Scott Expedition, 1910-13, and particiilarly 
in 1912. Every blizzard of any force was able to carry out of sight what coastal Fast-Ice 
it was able to break away. Almost certainly, therefore, in a normal season, it may be 
taken for granted that the Ross Sea is not normally held in the grip of a sheet of Fast-Ice 
of any thickness. The little evidence that has been collected rather tends to suggest 
that large areas are not frozen at all at any time during the winter. In a stormy season, 
this is probably not tnic to such an extent, us the relays of ice broken away from the 
coastal strips of Fast-Ice must go far to fill up even a groat sea such as tins, while the 
passage of the main pack in a westerly (lire<!tion across the mouth of the sea will surely 
stop the northward drive which might otliorwiso prevent such a segregation. Should 
such an accumulation of pack take place, there is so much the more likeliliood of tlie 
interstices between the fragments of the mosaic freezing. It is a paradox, but quite 
a reasonable one, to imagine the Ross Sea filled with ice-floes cemented by local ice in 
a stormy season with a high mean air temperature, but comparatively free eitlier from 
derived ice or ice formed in situ in a calm, cold winter. 

In the same way, it is to the continual presence of a comparatively close medley 
of Pack-Ice in the North Polar basin that we must quite likely turn for an explanation 
of why that sea is always so ready to freeze over in a caJm spell. 

The problem is not soluble with the information at present available. It is worth 
investigation, for it may have a very practical hearing on the fortunes of a ship in danger 
of being beset during the late autumn or early winter. A bold drive into the centre 

* Stonhouse, tho captain of tho Aurora ” in the recent Sliackloton Expedition, has rcXK)rtcd Bccing 
an old nesting-site for a dozen or bo birds witbin the pack in which ho was beset in 1915. Ho spoaloi of 
this as a ** rookery,” but specifically states that ho saw no birds, but only tho ovidonoo of the floe liaving 
been used os a nesting-site. The fiioo with tho remains was soon in November, 1916 ; but, having regard 
to the known habits of the Emperor Penguin, it appears much more likely that the floe was one wliioli 
hod been broken away oompaiatively early in the winter from Cape Orofier. If this is so, it affords 
another interesting piece of evidenoo of the westerly drift. 

■f David and Priestley, * Shackleton Gleolo^oal Memoir,* vol. 1. . 
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of tke Ross Sea miglit well, in a favourable season, gain a freedom which would be 
unobtainable by keeping along the coast. 

The consideration of the Ross Sea pack would not be complete without some 
reference to conditions to the east of the sea. Here, o£E King Edward VII Land, there 
seems to be an area where pack of unusual thickness and age is formed. The Discovery,” 
when it penetrated far east of where any ship has navigated before or since, reported 
apparent shoals studded with ice-idands (?), or bergs, which acted as a nucleus for an 
accumulation of East-Ice of a thickness not met elsewhere in this area. Nothing seems 
more likely than that such cause and effect should actually exist. A similar sequence 
of events hais led to an accumulation of similar type, and even greater dimensions off 
Kaiser Wilhelm Land, as reported by von DrygalsH under the name West-His. The 
breaking away of the edges, and, in particularly stormy years, of the main portion of 
this perennial accumulation, would suffioe to account for much of the unusually heavy 
eleiyient in the pack at the entrance to the Ross Sea. 

In the passage made by the “ Terra Nova ” through the pack in 1910, an exceptional 
amount of such heavy ice was seen. Captain Scott describes a particular strip as follows : 

“ We first got among the very thick fl.oes at 1 a.m., and jammed through some 

of the most monstrous I have ever seen. The pressure ridges rose 24 feet above 

the surface — the ice must have extended at least 30 feet below.”**® 

Amongst these floes were some, quite unridged, standing 8 to 10 feet out of the 
water. Nothing comparable to this has been seen in the Ross Sea, except perhaps the 
three- or four-year-old East-Ice at the back of McMurdo Sound, or the portions of the 
Ross Barrier where lowest. 

Part of the accumulation is doubtless due to the fact that the snowfall is heavier 
in the region where the floes formed, but one cannot escape the conclusion that this 
ice was the accumulation of at least two or three seasons. 

Lifb-Histoby of Paok-Ioh in Detail. 

(i) Definitions, — ^The elements of which the Ross Sea pack met in 1911 were com- 
posed have been defined by Captain Scott as follows : — 

(1) The ice which has formed over the sea on the fringe of the Antarctic Continent 

during the last winter. 

(2) Very heavy old ice-floes, which have broken out of bays and inlets during the 

previous summer, but have not had time to get north before the winter 

set in. 

(3) ** Comparatively heavy ice formed over the Ross Sea early in the last winter. 

(4) Comparatively thin ice which has formed over paxts of the Ross Sea in the 

middle or towards the ^d of the last winter.” 

To these must, of course, be added bergs and the occasional floes several years old 
to which reference has just been made. 

• Scott’s Last Expedition, Vol. I. 
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In order to define and describe such a heterogeneous collection, certain standard 
types must be selected and given names. 

This is necessary both for individual pieces of ice, for areas of pack consolidated as 
a whole, and for the waterholes which seam the pack, the presence or absence of which 
is so important from the navigator’s point of view. 

Such a series of definitions has already been evolved for the pack of the North 
Polar Sea, whose study was commenced almost in Elizabethan times. A certain 
looseness of application of these terms and misconceptions as to their original meaning 
has, however, resulted in much wrong description of ice. 

It is, therefore, considered advisable to repeat at length the list of definitions 
carefully compiled from the study of the original authorities by J. M. Wordie and 
revised with him by the present writers. 

Sea Ice Definitions. 

Slush or Sludge, — The initial stages in the freezing of sea water when it is of gluey 
or soupy consistency. The term is also occasionally used for “ brasli-ice ” still further 
broken down. 

Pcmcake-Ice, — Small floes of new ice approximately circular and with raised rinxs 
(Plate COXLIX). 

LeveUIce, — ^All unhummocked ice, no matter of wliat age or thickness, which has 
platy structure and fibrous appearance when broken (Plates CCIj and OCLI),* 

Past-Ice. — Sea ice while remaining fast in the position of growth. True East-Ice 
is only met along coasts where it is attached to the shore, or over shoals where it may be 
held in position by islands or stranded ice bergs. 

Pack-Ice. — Sea-Ice which has drifted from its original position. 

A Floe, — ^An ar^ of ice, other than East-Ice, whose limits ore within sight. Eloes 
up to 2 feet in thickness may, for convenience of description, be termed light floes ” ; 
floes thicker than this, ‘‘ heavy floes.” 

A Field. — ^An area of Pack-Ice of such extent that its limits cannot be seen from a 
ship’s masthead (Plate COLII). 

A Crack, — ^Any fracture or rift in sea ice (Plate COLIII). 

A Lead or Lam. — ^A navigable passage throng Pack-Ice (Plate COLIV). 

A Pool, — ^Any enclosed water-area in the pack, other than a crack or a lead or 
lane (Plate OOLV). 

Frost Smoke. — The foglike clouds which appear over newly-formed water areas in 
the pack, owing to the consequent supersaturation of the lower strata of air with water 
vapour. 

Water-Sky, — ^Dark streaks on the sky due to the reflection of water spaces, or the 
open sea, in the neighbourhood of large areas of sea ice. 

Ice-Blmk. — ^The white or ydlowish-wMte glare on the sky produced by the reflection 
of large areas of sea-ice. (The antithesis of water-sky.) 

* Called “ Young-Ioe” by Wordie. 
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Hummoohmg . — ^The result of pressure upon sea ice (Plate CCLVT). 

Hummocky-Floes . — ^Floes composed wholly or partly of re-cemented pressure ice. 

The Pack . — The term used to denote the main belt of derived ice which, in the 
Antarctic, girdles the continent south of the zone of the Westerlies ” and, in the Arctic, 
fills the Polar Sea and escapes southward from the outlets of the sea. (French ; Bmquise 
de dSrive.) The term “ pack ” is used more generally to mean any area of Pack-Ice, 
however small. 

Close Pack . — Pack composed of floes mainly in contact (Plate CCLVII). 

Open Pack . — ^The floes for the most part do not touch (Plate CGLVIII). 

Drift Ice.-— Loose, very open pack, where water preponderates over ice (Plate CCLIX). 

Brash . — Small fragments and rounded nodules ; the wreck of other kinds of ice 
(Plates CCLX and CCLXI). 

Bergy Bits. — ^Medium-sized pieces of Racier ice, or of heavy floes, or hummocky- 
pack washed clear of snow. (Typical “ bergy bits have been described as “ about the 
size of a cottage.”) 

OrowUrs . — Similar pieces of ice to the above, but so small as barely to show above 
sea-level (Plate CGLXII), 

Rotten-Ice . — Floes which have become much honeycombed in the course of melting, 
or which appear black through saturation with sea water (Plate CCLXIII). (Thin sheets 
of newly-formed very thin ice also appear black, and may easily be confused with the 
last type when met in the pack.) 

The above list is substantially the same as that given by Wordie in his paper, 
though in some cases the wording has been somewhat altered. The single exception of 
note is the substitution of ** Level-Ice ” for his term ** young ice.” 

At the time of the original discussion of the temos, exception was taken to the 
application of this name to areas of flat ice of whatever age. The older floes of this 
type are adequately described by the name “ bay-ice,” given to them by David and 
Priestley in the Shackleton Expedition, 1907-9. It is unfortunate that a prior use 
of the term for ice formed in openings of the pack (which are usually entirely difierent 
in form from bays ” as geographically defined) prevents its more legitimate application 
to ice formed in real bays, and therefore likely to survive to an age greater than normal. 
Since some name is required for the level pans which form quite a significant proportion 
of the pack at any one time, the present writers have determined to propose the term 
. “ Level-Ice.” This name has the merit of emphasising the one characteristic which 
diflerentiates these floeSj whatever their origin, from the Hummocky-Ice with which 
they are in sharp contrast. Normally they consist of a band of greater or less thickness 
usually an inch or so only — of horizontally-lying plate-like crystals, followed by a 
generally vertical arrange m ent of crystals throughout the remaining mass of the ice. 

appearance has been well expressed in the term fibrous ice, frequently applied to 
this type. 

There is, however, good reason for avoiding name as the designation of the 
class. In the upper portion of the older floes, this structure has frequently been converted 
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by molociilar re-arrangement into an interlocHng granular structure reminiscent of 
the ice of glaciers. A spotty appearance is then given to the ice by the aggre- 
gation of the air-content into definite bubbles between or within the crystals. 
J?liis change will take place at any temperature, but only proceeds quickly 
at temperatures well above zero, where melting takes place to some degree. It is 
facilitated by the removal of the ice-blocks from the water, but will apparently 
take place in the central upper portion of a large and thick floe stiU immersed in 

sea water. It is accompanied by the draining of salt from the blocks already described 
elsewhere, 

rile process has a practical application, for it is to such elevated old floes that the 

ships companies turn for the renewal of their fresh- water supply when navigating in 
the pack. 


The life-history of sea ice in the pack difiers little from that already described in 
Chapter X with reference to Fast-Ice. Indeed, the only differences are in the degree in 
which the various factors which cause its formation, modification and dissolution act. 
As might bo expected in a moving field of ice-floes, driven hither and thither by the 
wind and buffeted at either edge by the waves, those changes which are produced by 
prcHHUi*e take p1a('.e iii by far the greatest degree. The dominant impression left on 
the mind of the observer by any particular area of pack is the amount of what David 
lias referred to iiiicler the name screwed pack,” but which is perhaps more correctly 
described as “ Ilummocky-Ic-e,” a term which, while emphasising its characteristic 
appearance, wsfers only very generally to the processes which have brought about this 
result. 


Even if exposed to the same forces, the movement of the various heterogeneous 
elements (comprising the pack will be so different that pressure is bound to take 
l>lac.c. The different shape of the individual floes, the difference in the surface 
ar(5a exposed to the influences of wind and current respectively, must ensure unequal 
movement even as between one floe and another. The equally certain difference 
in force of the agents making for movement at one and another part of the pack 
is another factor potent to produce hummocking. The interposal of immovable 
obstacle.s such as capes and ice-tongues in the way of the moving icefields is 
of paramount importance in producing pressure on a huge scale. The presence of 
icebergs of land ice many hundreds of feet thick produces pressure effects which are 
neitlior local nor slight. 

The immediate effect of pressure of any description, except in the very youngest 
ice, is the formation of shear-cracks. Cracks from other causes are common in sea 
ice sheets, and one type of crack — ^the contraction crack due to temperature — has been 
dealt with earlier in the memoir under the heading Fast-Ice.” It suffices to say here 
that in the pack, os stuiiied at the entrance of the Boss Sea, such cracks played a very 
subordinate part. This is doubtless due to the relative lack of cohesion amongst the 
dements of the ice. It is comparatively easy for temperature changes to be taken 
up by the opening of already existing water spaces. 
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In his exliaujitive notes on the efEects of pressure in the Weddell 
Sea Pack-Ice, J. M. Wordie has recognised three types of cracks directly due to 
pressure ; — 

(а) Weight or hinge-cracks. 

(б) Shock- or concussion-cracks. 

(c) Torsion-cracks. 

At the entrance to the Boss Sea, cracks of both types {a) and (6) were observed 
to form on many occasions. 

The piling up of the pressure ridge to the north of the Ridley Beach produced a 
crop of cracks of type (a) in front of it ; concussion-cracks, on the other hand, were 
formed whenever the pack from the main sea was piled up by the flowing tide against 
the sheet of Fast-Ice in the bay. Similar “ weight-cracks ” are well formed in Fast-Ice 
opposed to the face of an advancing glacier, when they are accompanied by shear- 
cracks of an entirely diflerent nature. Perhaps the most notable cases of concussion- 
cracks on a small scale are those formed by the surging about of bergs through the 
close pack. 

These titans have an effect closely analogous to that of the prow of an 
ice-breaker, and this is also seen on a less efficient scale in the case of our own 
wooden vessels. 

Only one undoubted example of the formation of torsion-cracks on a large scale 
was noted by the Scott Expedition during the time the writers were on board the Terra 
Nova.” This was during the first voyage down, when a shift of wind was accompanied 
by the formation of typical chains of open waterholes, in pack composed for the 
most part of unusually large floes. Attention was particularly drawn to it, because 
of the possibility presented of making good progress south along the course thus 
opened up. On several other occasions, chains of undisturbed floes of black ice 
amidst much heavier pack suggested a similar effect dating from some time before 
the ship reached the latitude at which the floes were found. The screwing of large 
floes moving in one direction, by the application of a force from another, must always 
tend to open such spaces, which will remain clear only until the pack again closes 
under the new conditions. 

One other type of crack recorded by Wordie from the Weddell Sea is that due 
to relief from strain brought about by unequal loading. This is undoubtedly a prime 
cause in preventing the solidification of the pack, and would act even if the latter were 
exposed to no other force tending towards disintegration. In the case of Fast-Ice it 
may act over comparatively large areas, as, for instance, in the case of the local snowfall 

along the west coast of Robertson Bay, and in the lee of any glacier cliff where snowdrifts 
tend to accumulate. 

In the pack, however, its action is mainly from day to day and between floe and 
floe. The difference in equipoise which produces the cracks may itself be caused either 
by unequal accumulation of snow above or by unequal melting below. It is, in either 
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C8i86) Qi potent factor operating against coliesion on a large scale. It must play a particu- 
larly important part along the edges of the pack, in helping the swell to bring about 
that final dissolution which so quickly resolves an almost impenetrable belt of ice into 
a haphazard collection of bergy bits, growlers and brash. 

The relation between pressure and the resulting types of ice was best seen in the 
present Expedition at the seaward border of the sheets of Past-Ice which were subjected 
from time to time to the irruption of the main pack circling the Boss Sea. They have 
therefore been described in detail in the chapter on Past-Ice. Typical examples of 
small hummocky-floes seen in the Boss Sea pack are, however, figured in Plates OCLXIV 
and CCLXV, in the latter of which is also shown an excellent example of “ rafting ” 
due to the squeezing of a strip of Past-Ice formed of loosely cemented squarish slabs 
(the initial stage in the formation of Pancake-Ice). In Plate CCXLVIII, a common 
phenomenon, the thickening of a floe from above by the addition of frozen sea water, 
is seen. When small floes of Level-Ice are converted into hummocky-floes, either by the 
upturning of their own border or by the addition of fragments from their neighbours, 
the consequent depression of the main surface below the water often has this 
result. 

The height of the hummocky-floes and pressure ridges met in Arctic and Antarctic 
navigation has probably been more exaggerated by imaginative reports than any other 
single class of Polar statistics, except perhaps the height of bergs. It was unusual, 
in older days, to hear of pressure ridges less than 60 or 60 feet, or of bergs less than 
several hundreds of feet, high. The advance of science in the exploration of the polar 
lands and seas has gradually eliminated these outside esfcimates, aud more moderate 
and accurate estimations and calculations are now the rule. The pressure ridges actually 
seen in formation in the neighbourhood of the winter quarters of the Scott Expedition 
nowhere exceeded 20 feet iu height. Those met in the pack were unusually high, but 
nowhere more than 30 feet. This latter figure must, we think, be considered nearly a 
maximum for this sea of comparatively unchecked movement. It is possible 
that this height is somewhat exceeded against prominent points of the coast further 
to the north. 


H'iJihsetpxeM Ch<i7ige8 in the Structufe Otfid Content of the Ice. 

The changes which take place in sea ice subsequent to its formation, but prior to 
its final dissolution, have already been discussed under the heading “ Past-Ice. There 
is one thing, however — ^the imprecation of the lower layers of sea ice with diatoms 
discussion of which belongs more properly here. Por many years it has been an observed 
fact that, in the summer, myriads of diatoms become entangled in the meshes of ice- 
sheets floating in the Antarctic seas, giving a brownish-yellow colour to the ice layers 
into which they penetrate. This is so usual an occurrence that the brown discoloured 
ice is of distinct use in distinguishing between ice one year, and ice less than one year, 
old. Beyond this the distinction cannot be relied upon, since sea ice of two or three 
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years of age is not likely to show more than one band of diatomaceous ice. The limit 
to which the diatoms penetrate is the upward edge of the water-soaked ice in the summer. 
As a general rule, this will be very near sea level. 

At any rate, in a two-year-old floe it is likely to be higher than the lower limit of 
the diatom-bearing ice of the first year. Past-Ice frozen in the bays of the Ross Sea 
does not appear to have diatom-laden bands at all. The presence of the diatoms in 
Pack-Ice has an interesting bearing upon the movement of the surface water of the 
pack-belt. Drygalski has pointed out that the deposits on the bottom of the sea, under 
the pack in which the “ Gauss wintered, were remarkably free from diatoms, though 
the ice itself was heavily diatom-laden. The fact appears to have been confirmed by 
subsequent explorers operating within the Antarctic pack-belt. 

Some- explanation is obviously required to account for these facts. Drygalski 
himself has postulated an outward surface current of the “ melt-water ” from the pack, 
together with a consequent upward movement of the water layers beneath the pack, 
to take the place of the water thus distributed. Such an upward current would to 
a great extent neutralise the gravitational descent of the microscopic carapaces of the 
dead diatoms and the organisms which prey upon them, and would tend to the concen- 
tration of these siliceous remains north of the pack-belt. Such a concentration does 
apparently take place. 

A similar concentration on a lesser scale must presumably exist to the south of 
the pack-belt also, since here also much melting takes place in the summer. Hero, 
however, little is known of the bottom deposits, and, in any case, such a deposit might 
well be masked in the greater amount of glacier, thaw-stream, wind and pack- 
borne terrigenous material. 

Evidence from an entirely diSerent source would seem to bear out Drygalski’s 
contention. Both to the north and the south of the pack there is a separation of the 
smaller sea-worn fragments — drift-ice — ^which make up the outer belts where the ice 
is continually being worn down by the swell. This takes place to an extent which is 
dififlcult to account for on any other supposition than an outward current such as 
Drygalski postulates. The actual occurrence of such a current should be easy to 
demonstrate if any ship has the time to spend on a systematic investigation. A com- 
parison of salinities of water samples should also yield interesting results. During the 
phase of Antarctic exploration directly associated with the unveiling of the interior 
of the continent, involving as it does lengthy stays on Antarctic shores, with the 
necessary establishment of winter quarters, such detailed examination of the pack 
and its environment has not been feasible. Such results as have been obtained have 
been incidental to otherwise unwelcome detentions. 

Disappearance of Ice. 

The causes of the disintegration and dissolution of sea ice have also been dealt 
with at some length in the chapto on Past-Ice. In the caae of Pack-Ice, the same, factors 
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operate, though in somewhat different proportion. For instance, it will bo quite clear 
that the role played by melting on the upper surface will be decreased in proportion 
EbS the ice is free from wind-blown sand and dust, and is more uniformly covered with a 
pure white snow covering which reflects a large proportion of the rays of the sun winch 
fall upon it. 

Surface pools are very uncommon upon the siu'faco of icc-floes in the main pack. 
In fact, pools such as are described as a common feature of the Arctic pack are unknown 
to the writers, except upon the summit of icebergs, or along tlie Fast-Ice strips near a 
coastline. Dissolution of the under surface is, however, as might be expected, proportion- 
ately greater in the latitudes to which the pack is driven by the southerly gales. The 
body of comparatively warm water at the southern edge of the westerlies must 
provide a continual (relatively) warm bath for the nortlicrn edge of the whole 
Antarctic pack. Indeed, the efficiency with which the sea water melts the pack 
as quickly as it is carried forward by the southerlies is a factor which assists to prevent the 
invasion of the southern shipping routes by dangerous and even impenetrable fields 
of ice. 

The swell, on the other hand, plays a less important part than it does in breaking 
up the more stubborn Fast-Ice of the indentations of the coast further to the south. 
The mechanical attrition of the floes must result in the formation of a quantity of brash, 
but the breaking up actually accomplished by the swell is confined to the comparatively 
few survivors of the large floes, most of wliich have already been split, shattorod and 
pulverised in the stormy passage from the latitudes where they were originally 
formed. 

Perhaps the most striking of the phenomena accompanying the dissolution of 
Pack-Ice, is the formation of the knob-like or cup-like forms carried on broader sub- 
marine bases, examples of which are figured in Plate COIjXXXII, and which have been 
appropriately named “ Swan-Ice.*’ They mark a distinct step in the breakdown of 
floes and bergs, and occur in great numbers round the shores of the continent, particularly 
in March and April, the months when the more stubborn pieces of ice are just dis- 
appearing. They also occur commonly along the outer bdt of swell-tossed Pack-Ice, 
the frequent entire submergence of the fragments being aufiicient to account for a 
departure from the characteristic form. 

Many of them show double heads, each raised on a separate neck, as figured in 
Plate CCLXXXII. It seems probable in such cases that the position of the cups bears 
a distinct relation to the period of vibration of the ice upon the swell, the laving by 
which has given the floe its characteristic form. The tendency to form a neck-Iiko 
attenuation about sea-level is equally marked along the edges of the larger flatter 
homogeneous floes at a similar stage when melting is predominant. A similar effect 
is also frequently seen in water-worn bergs, the long submarine spurs thus formed being 
one of the dangers of navigation in ice-infested seas. 

The formation of the neck is, of course, due to the greater efficiency of the surface 
layer of sea water aa a melting agent than the layers beneath it and the air above. It is ■ 
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only where the top layer of sea water is warmed above freezing-point by the sun that 
Swan-Ice can occur in its most pronounced form. 


Navigation and Exphration on Pack-Ice. 

The study of Pack-Ice in southern seas has naturally a very practical bearing upon 
navigation m the immediate neighbourhood of the Antarctic Continent. If the terra 
incognita of the Antarctic coasts is to be explored and surveyed from the sea, future 
navigators have a task before them far surpassing in difficulty that achieved by their 
predecessors. 

The portions of the Antarctic Continent stiJl unknown are those which have baffled 
the most intrepid sailors of the nineteenth and, so far, of the twentieth, century. Our 
present knowledge of the confLgoration of the coastline, together with the certainty 
of the main westerly drift of the pack, do, however, enable the problem to be attacked 
from the most favourable points. 

For instance, it is clear that the exploration of the unknown portion of the Weddell 
Sea can only be undertaken by sea with any chance of success, by attempting, as 
Shackleton did, to run down the coast of Coats Land where the main pack-stream thins 
out after passing the eastern shores of the sea. So, also, the attempt at the survey of 
Bnderby Land must be made from the direction of Queen Mary’s Land. 

The exploration of the Antarctic coastline, by travelling on the Fast-Ice and Pack-Ice 
along the coast from bases at convenient points on land or land ice, has long been the 
dream of many Antarctic explorers. 

Past experience shows that the legitimate exploitation of strips of Fast-Ice in the 
spring and early summer may lead to considerable achievements in this direction. 
Arctic explorers have waxed scornful when comparing feats of this type accomplished 
in the Arctic with those in the Antarctic. 

While admitting, however, that much may yet be done by this method, the writers 
would sound a note of warning against the tendency to apply Arctic methods to the 
Antarctic, regardless of Antarctic conditions and experiences. 

In the North Polar basin, the pack moves steadily across or rouhd a comparatively 
open, but entirely shorebound, sea. Its only outlets are a number of extremely narrow 
channels where contact with the shore is invariably made. 

TraveUing on Arctic pack without boats is a comparatively safe proposition. 
Journeys of 1,000 miles or more have been accomplished, even by quite ill-equipped 
parties such as the survivors from a crushed ship. In those regions where life abounds, 
and they appear to be many, good progress can be made, because the habit of living 
on the land, first used systematically by Stefanssen as an aid to geographical exploration, 
has done away with the necessity for dragging heavy burdens of food. 

In the Antarctic, on the contrary, the conditions are essentially difierent. To 
begm with, the movement of the Antarctic pack is around and outwards from a central 
land mass towards the stormiest seas in the world, where melting takes place, and the 



last liope of a marooned ship’s party is — ^if they have boats — ^the chance of reaching 
one of the comparatively few sub-Antarctic islands.* 

Even should the westerly drift push the ice on which a sledge party is adrift against 
a buttress of the main Antarctic coast, stiU this coast is bordered for hundreds of miles 
on end by almost inaccessible ice-clifb. Should fortune permit an escape to shore 
again, the party would scarcely be better ofE, for they would, in all probability, be hundreds 
of miles from help, without means of making their whereabouts known, and on a coast 
absolutely cut off from any inhabited country. Altogether, the exploration of Antarctic 
coastlines by sledge parties traveUing on sea ice, though an exceedingly useful accessory 
method, has very well-defined limitations to overpass which would probably lead to 
catastrophe. 

* Siioh a party would, uinety-uine times out of a hundred, be quite helpless without boats. Under 
almost any imaginable oonditions, death by drowning — or, still worse, through the attacks of tlie kUler 
whales — would be inevitable. 



CHAPTEE XII. 


ANTAEOTIC ICEBBEGS. 

(A) Gfeneral, 

Undoubtedly, the Polar phenomenon which has most touched the imagination of 
sailors of all ages has been the “ ice mountain ” of the early navigators — ^the iceberg 
of modem nomenclature. 

■ 

In these days, when steamships are almost universal, the signi&cance of the iceberg 
to the crew of the sailing ship is difficult to realise, though modem disasters, such as the 
loss of the *' Titanic ” in 1911, serve to remind us that large masses of floating 
ice still constitute a menace to navigation. The Arctic icebergs were known and dreaded 
for centuries before those of the South Polar region were encountered, and the marked 
contrast between the majority of Arctic and Antarctic icebergs at once stmck the early 
Antarctic navigators, who had nearly all had experience in Arctic waters, as being 
very remarkable. The whaling captains, Captain Cook, Sir James Eoss — and, in feet, 
most of the early explorers of Antarctic seas— make special mention of the “ tabular ” 
icebergs of the south as being one of the most characteristic features of the region. 
It was not until a near approach to the shores of the continent was made that the cause 
of the particular shape of the largest Antarctic icebergs was realised. The discovery 
of the Eoss Barrier in 1841, and of numerous other ai-milar land ice-formations, at once 
explained the prevalence of this type of iceberg. 

They were quite clearly the direct result of that particular stage of the glacial 
epoch which is associated with the overflow of the ice-sheets of the land into the sea, 
and with a climate and coastal snowfell which involved a sheathing of the continent in 
locally formed shore-ice. 

The point which requires emphasising, however, is, that aU round the shores of the 

contment, both where the shores are too steep and exposed to permit the accumulation 

of sheets of Piedmont-Ice, Confluent-Ice or Shelf-Ice, and too little dissected to allow 

a sufficient diamage from the Continental-Ice and Eighland-Ice sheets to form Ice- 

Tongues, numerous steep cascading mountain glaciers of the type more fa.TinilTfl.r to 

northern eyes pour their quota of ice into the sea. At the snouts of such Raders and 

of other glaciers of greater size in those regions of the coast with little local precipitation, 

typical icebergs of the more well-known Arctic types are formed in great numbers each 
year. 

Erom these places, they are carried north and west along the coast to join the 
main pack, where, however, they are overshadowed and fade into relative insigniflcance 
beside the great tabular icebergs or “ snowbergs,” as they have somewhat incorrectly 
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been called. In actual numbers, it is probable tbat the variously-shaped glacier 
bergs would equal or surpass their more majestic neighbours, but the latter, with 
their clear-cut contours and their (often) immense size, a^e iacomparably more stnlring 
to the eye, and must be responsible for the annual removal of a cousiderably greater 
amouiit of ice. Individually, the true glacier berg has perhaps the finer appearance, 
but nothing can be more impressive than the sight of a fieet of tabular ice monsters, 
often many miles in length, and averaging 50 to 100 feet in height, sailing majestically 
in a calm sea, churning up the pack as they move irresistibly northward in the grip 
of the Boss Sea current. 

As regards the name snowberg,’’ which has sometimes been applied to these tabular 
bergs in the past, our own experience is that the term is a dangerous misnomer. Not 
one in fifty of the tabular icebergs seen during the present Expedition was of true 
n6v6. Almost all were formed of the cloudy bubbly ice of which the typical Piedmont- 
Ice Confluent-Ice and Ice-Tongues of the Ross Sea area are composed. This ice difiers 
entirely from n6v6 as figured and defined m the present memoir. It was only when 
true n6v6-berg8, or the type of iceberg we have named the “ unconformity iceberg,” 
which often had a capping of true n6v6, were met, that this became evident. From a 
distance, it is quite impossible to distinguish the two types, but the majority of tabular 
icebergs examined closely were found to consist of true ice, though most of it was 
stratified ice obviously derived from snow without the intervention of any pronounced 
melting. 

The height of the icebergs seen during the Expedition varied from low bergs 
hardly distinguishable from floes of old ]jevel-Ice, to bergs estimated to be 100 feet 
high.* The maximum height of the Ross Barrier was found to be 160 feet. 

We may therefore estimate the height of the highest modern iceberg in the Ross 
Sea area as being somewhat leas than 160 feet. By far the majority of tlioso seen 
varied between the limits 40 and 120 feet — ^rather below the average height of the shoro- 
clifEs of the Antarctic land ice formations. Many wore loss than tliis height, but these 
low icebergs were in a distinct minority, for ice-cliffs of less height than 40 feet are not 
common in the Ross Sea. The most notable exceptions are, of course, the low portions 
of the rolls ” of the Barrier, which are often nearly at sea level. The brealdng away 
of such low portions gives rise to fleets of unusually low bergs, such as those met by the 
“ Nunrod ” in January, 1908. Another exception is duo to the breaking away of sea ice 
laden with the accumulation of several years’ show — ^the early stages of what might have 
become Shelf-Ioe of the King Oscar Land t 3 q>e. Yet another type of low iceberg, quite 
common in the Ross Sea, is the small berg consisting, for the most part, of greasy- 
lookmg and streaky-white ice which is formed by the calving of portions of the Antarctic 
icefoot. 

The area of the greatest of the tabular icebergs almost surpasses belief, but the 
existence of single bergs up to 30 imles in length, many hundreds of miles from 
land, is now well authenticated. The "Challenger” Expedition, Sir James Ross, the 

The greatest height measiized by the Soott Expedition was 140 feet. 
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“Nimrod” and the “Terra Nova” Expeditions, to mention only four cases, all 
observed icAharga between 20 and 30 miles long, which needed several hours’ sailing or 
steaming to dear. Icebergs a mile or more, in length occur in hundreds ; and, indeed, 
the breaking away of ice in the Antarctic deariy takes place on a scale quite unknown 
elsewhere in the world. Mixed with these immense four-square bergs are thousands 
upon tbouiwTidH of smaller ones of all sizes, of several types, in every stage of dissolution. 
In size iJiey vary from tibe great leviathanfl aihready mentioned, tlnougli the lesser tabular 
bergs, to the greatest of the true ^cier bergs, and thence again past the product of 
the cascading glaciers, to the small icefoot bergs, and, finally, the growlers, which 
represent the hst clearly distinguishable products of land-ice. Beyond this stage, the 
“bergy bits” and “brash” derived from the denudation of icebergs are in no sense 
distinguishable — except in their intimate internal structure — ^from the similar results 
of the disintegration of sea ice. 

The age of the Boss Sea iceberg varies greatly according to the incidents of its life- 
history. Even under what should at first sight appear to be the most favourable 
circumstances — ^for instance, when stranded on a shoal in high latitudes — dissolution 
proceeds at great speed during the summer months, and the disintegrating forces are 
often by no means idle during the winter months. Two quite distinct cases therefore 
require consideration in this connection. They are, respectively, the case of bergs 
detained in Antarctic waters and the more normal case of bergs which are carried straight 
into the pack and so north to the open sea. 

Very many icebergs formed in high latitudes are likely to have some difficulty in 
reaching the main pack-belt, and this is probably more so in the case of the true glacier 
bergs than the tabular bergs, the ice of which has a less density. Striking examples 
of the contrast were seen at Cape Adare in 1911. The submarine extension of the 
beach on which Camp Ridley is biult lay athwart the tidal current in and out of the.bay. 
Daily the current on the ebb-tide brought its load of floes and bergs close past the point. 
It was most instructive to see low glacier bergs stranding comparatively far out, and 
tall, majestic tabular bergs sailing steadily past inside them. Not once, but on several 
occasions, did well-marked cases of this occur. Such a diSerenoe in draught must 
have a considerable efiect in concentrating tabular bergs in the outer pack-belt and 
detaining icebergs of glacier type, until nearly the end of their career, in Antarctic 
waters. A good example of dday in the passage north of an iceberg was provided by 
part of Glacier Tongue, which stranded for several months at Cape Bemacchi before 
moving on elsewhere. 

At every winter quarters established in the Ross Sea area, there have been 
at least several icebergs stranded, usually of true glaoier ice, so that the study of their 
disintegration in high latitudes has been made easy. 

The earliest stage m the dissolution of such an iceberg is usually the rapid rounding 
of its more a ng ula r contours by the comparatively warm waters of the autumn sea. 
This is accompanied by a certain amount of undermining and calving of relatively 
unstable portions, while lumps of sea ice are often thrown upon its top during this and 
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the next stage while the sea is still open (Plate OOXLI). As the winter tempeiatuies 
set in, the iceberg is- next covered by a thick coating of spray, which gives it a very 
characteristic appearance, and which may be so thick as materially to alter its equiHbrinm. 
This coating renders bergs whose history has included the stranded phase to be 
easily recognisable (Plate COLXVI). 

This stage of accumulation ceases with the jBnal freezing in of the sea ice, and 
the passing winter is accompanied by a steady growth about sea level, often with the 
formation of a well-marked tidal platform (Plate CCLXVII). At the same time, 
solution may be taking place towards the base of the iceberg and some ablation in 
the upper portion exposed to the air, though it should be noted that the latter is 
not uauahy sufhcient to remove all the spray ice which has been added to the berg in 
the autumn. 

Changes of temperature meanwhile cause the formation of cracks which do not 
again cement, and hence render the berg peculiarly vulnerable to the assaults of the 
waves in the following summer (Plate CCLXVHI). In a tabular berg in which cubical 
jointing is well developed, the frost action may result in a complete crumbling of the 
upper portion of the berg. This is well seen in Plate CCLXIX, where the avalanching 
of the dibria on the sea ice is proof positive that very considerable disintegration took 
place during the three months between the freezing over of the bay in which 
the berg was stranded and the visit made by the sledging party which took the 
photograph. 

The above summary which is the result of the observation of many icebergs stranded 
near winter quarters, gives a good idea of the amount of destruction which can be 
achieved under these circumstances by the weathering agents during a sin^e autumn 
and winter. Such a berg is usually sufficiently broken up to permit it to clear the shoal 
on which it has been stranded immediately the sea ice goes out in the beginning of the 
following summer. It then continues its journey to the pack as several much smaller 
fragments, and it is likely that a sin^e season in the pack will carry these smaller bergs 
sufficiently far north to ensure their disintegration in the following summer. The life 
of an iceberg thus detained in the south is not likely to be more than three years, though, 
exceptionally, its detention south of the main ice-belt may be prolonged for another 
year or more. 

The bistoiy of a tabular berg, or a glacier berg which reaches the main pack early 
in its first season, is for several reasons somewhat diSerent. One characteristic of a 
broad belt of ice such as the ice pack is an absence of swell and waves, and this 
efEectually limits the solvent action of sea water to the part of the berg at or below the 
surface, and also prevents any accumulation of sea-spray such as has just been 
described. At the same time, the more constant temperature of the air over the open 
sea reduces the craokmg effect due to change of temperature. Similarly, the abrading 
action of the sea in the next summer is again diminished. The general result is seen 
in the more regular outline of bergs whose whole life has been spent in the ice pack* 
Such regular bergs are very common, and, in their case, disintegration is to a great 
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extent posl^oned until they pass through the outer streams of the ice pack into the 
open 'water to the north. Once this last step has been taken, dissolution must be 
relatively rapid, so that the age of the majority of Antarctic icebergs must be determined 
by the length of time spent in the pack. What this time is we cannot know with any 
certainty. A favourable association of winds and deep currents might conceivably 
keep the bergs within the ice bdt for several years. What knowledge we have of the 
currents and winds of the Ross Sea area, however, suggests that bergs would receive 
few set-backs to their steady passage north while in the pack. 

One noticeable feature of all icebergs seen in the Ross Sea pack has been their 
freedom from accumulations of snow. At first sight this might suggest that their stay 
in the pack has been short, but this fact is not to be relied upon as evidence. Owing 
to the comparatively small shse of the majority of the bergs and the strength of the 
winds in the pack zone, accumulation of snow on the top of bergs is not to be expected 
to any great extent. Accumulations of snow in the neighbourhood of bergs will, of 
course, be ooutmually broken up and carried away from the berg by the constant change 
in relative position of the pack elements. Another factor likely to prevent accumulation 
of snow on bergs in the Ross Sea area, is the relatively small precipitation, a point which 
has already been mentioned in another chapter. 

The only apparent exception to the comparatively short life of Antarctic icebergs, 
is the case of bergs frozen in soon after they were formed over shoal- water and embedded 
m a sheet of Fast-Ice of more than ordinary persistence. The life of a glacier berg under 
these conditions is only limited by that of the sheet of Shelf-Ice of which it may 
conceivably come to form a part. 

Such cases are exceptional, few examples of the inclusion of icebergs in such 
sheets having yet been recorded, though the West-Eis of von Drygalski appears to originate 
m some such way. If sheets of Shelf-Ice are formed from sea ice in this manner, however — 
and this seems to be conclusively proved — ^included bergs will quite likely have 
taken part in their formation, and, indeed, may have formed the “ piles ” which were 
the TTiain strengthening elements of the original sea ice base on which the sheet has 
formed. Such bergs would become an integral part of the Shelf-Ice and would behave 
more or less in conformity with its other elements. They would then take part in 
the outward flow which would be the consequence of accumulation of snow above. 

This may quite possibly be the explanation of some of the anomalies of structure 

seen in the face of ice-clife and icebergs which are not otherwise susceptible of 
explanation. 

(B) Life-History of Icebergs in Detail. 

The history of an iceberg, as apart from that of the formation frord which it has 
been derived, commences with the operation of “ calving.” Calving may take place 
in several ways and for one of several reasons. Calving is the ultimate expression of 
the denudation of the seaward portion of Antarctic land ice formations, and is respozutible 
for the delimitation of the seaward faces of aU ice-sheets or streams which reach the sea. 
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Several notable examples of the calving of icebergs were observed on tbe present 
BiXpedition, from the calving of a “ Barrier ” berg from tbe Ross Barrier (Plate CCLXX), 
wbicb threw spray and slush for many hundred yards, to the fall into the sea of isolated 
blocks of relatively small size from cascading mountain glaciers or frpm the seaward 
edge of Highland-Ice sheets sometimes ending far above sea level. 

In the case of most importance — the formation of true tabular icebergs — ^the process 
may vary, from an abnost infinitesimal downward and outward surge of the severed 
portion as a new crack opens far back in the Ross Barrier, to the complete submergence 
of the newly-formed iceberg with a consequent chaotic commotion of the waters into 
which it has fallen. The latter case is the more common, because the edge of such ice- 
sheets is usually in a state of unstable equilibrium owing to the unde rmining action 
of the surface waters of the sea. This melting action will go on without much visible 
efEect, except in the corrugation of the lower layers of ice immediately above water 
and in the formation of oaves. Sooner or later, however, the weight of the unstable 
portion of the sheet becomes too great and the edge scales off with a thunderous crash, 
the iceberg thus formed floating with a horizontal or slightly inclined top, according as 
the undermining action has been regular or irregular. It should be noted, however, 
that bergs formed in this way must usually have an inclined top, sloping downwards 


to what was the seaward side of the glacier. 

Some other explanation is required to account for the formation of the great level 
bergs whose dimensions can often be measured in miles. The smaller bergs formed 
in this way and by true avalanche are often distinguishable from other icebergs, formed 
with less travail, by the occurrence upon them of blocks of sea ice. Accumulation 
of ice upon the tops of bergs is often, however, only an apparent phenomenon, the lumps 
being relics of weathering ; true accumulation may also result from the charging o a 

berg against a glacier or Shelf-Ice face (Plate COXOI). . 

True sea ice can occur on bergs through two causes. It may be flung on ^ ^ ® 
berg, or the glacier from which the berg has calved, by waves ; or it may be ’ up 
after a submergence such as has just been described. Beautiful examp es, o o 
sea ice perched in this way, and of salt pools on a concave berg top 
the present Expedition. Some such fragments are figured in Plate ® 

chapter on “ Fast-Ice.” On more than one occasion, an iceberg of considerable size 

was seen to dip right under the sea when calving. i,-. 

The fonoation of the great bergs, a mile or more in length or breadth, never 

actually seen, though, at the front of the Sir George Newnes gl^er and ebewh^e, 
such icebergs were seen newly separated from the main dieet and o y awai^ e 
breddng-up of the sea ice to enable them to float northwai^ Such 
forms cannot be due in any great naeasure to undercutting. e o ^ ^ 

that their balance would be disturbed. Their formation » raiier ^e 
normally, by the presence of great master-cracks, already em n ^ ■ 

from which they spring, and only requiring some slight read]ustaen 
to re-open then and to cause a separation. Tlmt such cracks an oreva 
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is well known. Tte action of the swell may be the determining factor in many instances, 
the slight rocking motion imparted to the seaward end of a sheet of Shelf-Ice being 
sufficient to upset a very unstable equilibrium. 

Abnormally, there is little doubt that great fleets of such bergs might be set free 
by any catastrophe, such as an earth tremor, an esplosive volcanic eruption, etc. Slight 
movements may still be going on along the Tnain fault lines of the Kosh Sea 
and horst- Such movements may wdl have accounted for the greater part of the 30-mile 
recession of the Koss Barrier since 1841. Some such catastrophic action provides the 
most satisfactory explanation of the fleets of bergs met by the “ Nimrod,’’ in 1908. 

The calving of large hergs may easily be the result of the local configuration of the 
coastline. Passage over a shoal or bank lying parallel to a shore along which ice is 
accumulatiug may cause marked lines of weakness, which might not be closed up under 
AntarctiG sea-level climatic conditions. Before such a shoal, a local bay might well 
be expected in the ffice of the glacier. 

Another place where such lines of weakness would exist is at the junction of a 
relatively stagnant with a relatively quioHy-moving ice-sheet. Along these planes of 
weakness, the sea would work with greater efiect, and such deep cuts as Relief Inlet 
and the Bay of TVhales may well be caused by the enlargement of originally narrow 
strain-craoks by relatively quick calving of icebergs. 

When once formed, the berg moves away from the parent field. Its form may bo 
- modified before getting clear, by the destruction caused by scraping along or butting 
into the mai n ice-cliS ; but, sooner or later, it will draw away, and from that tiino the 
sea will become the main sculpturing agent. 

The first important chang e in form will be the development of the submarine * ^ spur,” 
a ram-shaped protrusion below sea level which is very characteristic of almost all the 
bei^ seen in the pack and which, incidentally, adds considerably to the dangers of 
navigation, ^urs are formed in tabular and Racier bergs alike. They will be formed 
quicker and to a larger size in the former, since the action of overcutting ” facilitated 

tabular berg assists the action of sea water, which ia common 
to 0 types. The mam cause of the spur in bergs is the greater molting power of 
the waim suif^e layers of sea water. Erosion, both mechanical and physical, takes 
p e mort rapidly at and about sea level, and a prominent neck ” is the result. The 

later stagesof the weathering of the berg, gives rise to undercutting ” 
o the portion of the berg above sea-level, thus accentuating the spur. Illustrations 

sp™ (Hate CCSLXXI), Tindetcattmg (Plates COLXXH and 
^LX^) ^d a oombnation of the two (Plate (XSLXXIV) aie shown. The break-up 

Plate called " ovoroutting ” along joints, is well shown in 

of the berg, the 
Similar over. 

166 of the chapter on » Past-Ice.” 

agencii or bTsea watT* weathering of tabular icebergs, whether by atmo^heric 
agenenes or by sea water, » the change in coteur from the original danzling white to 
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equally beautiful blue. This lesult may be brought about in different ways, but it 
is due in the main to internal change in the structure of the ice, which is usually dependent 
upon the presence of water. Constant washing by sea water, of the exposure to relatively 
warm temperatures in summer, are the principal causes. The net result is increase 
in the size of grain of the ice and decrease in the air-content. The same process under 
different conditions has been noted and described as giving rise to blue-bands in 
glaciers. 

Another phenomenon frequently associated with the denudation of icebergs of aU 
types is the formation of caves, Ulustrations of which are shown in Plates CCLXXV 
and COLXXVI. Such caves may also be formed in several ways. The commonest 
method perhaps is by the widening of vertical planes of weakness such as cracks, and 
horizontal planes such as bedding planes, by a mixture of meohanioal erosion and 
solution. Another method quite common in bergs stranded in high latitudes 
is by the closing of the top of a crevasse by a deposit of frozen spray. Moat bergs seen 
in the pack have caves at or near the waterline. Oases have been observed of fish 
caught up in the ice of bergs. Such occurrences are proof positive that, since the forma- 
tion of the berg, it has received some addition — ^probably from frozen sea water. During 
the passage through the pack in 1910, a fish was thrown out upon one floe by the sudden 
upturning of another under the impact of the nose of the ship. Many times, seaweed 
and sea animals have been observed to be thrown up on the icefoot in storms, and frozen 
to steep ice slopes before they had time to fall or be washed back. Such cases could, 
of course, only occur at low temperatures, but instances frequently anse when stranded 
hergs are washed with sea spray at a temperature 40® or more below zero Pahienheit. 

There are, of course, other ways in which fish might be trapped in water pools 
in icebergs and subsequently incorporated in the main mass of the berg through fre ezing . 
At Cape Adare it^was quite common to see small fish playing about in the surface water 
near bergs, sometimes right within undercut caves whose floor was below sea level. 
A sudden change in equipoise resulting in the tilting of the berg would suffice to cut off 
a considerable quantity of sea water and trap the fish. Dehenham s explanation of 
the mode of formation of the deposits of orgamo remains, so frequently foimd at the 
surface of ^aciers, would also account for the presence of remains of fish in icebergs at 

the time of their separation from the parent mass. 

Jointing and planes of stratification must often play a decisive part in assisting 

the quick weathering of icebergs. Oases have been met where the whole top 10 or 20 feet 
of a tilted stratified berg has slid off bodily into the sea, the split taking place along a 
bedding plane where for some reason cementation has been less perfect (Plate OOL^VII). 
The possibility of such a thing happening is suggested by the ease with, which snow 
sometimes breaks along the junction between two successive drifts. The quick eposit 
of soft snow-drift upon a very hard polifllied surfaoe must oonstitate a luw of ■^^ess 
in a stratified ice-mass for mauy years after its co^lidation. Unnsoally soft layers 
of snow must also at times act like layers of dials in rock complexes. 

* Loo, oU, 

409 



other cases have been seen in which such a dide has not been quite complete^ 
leaving cubical remnants standing up like the buttes^’ or rnonadnooks standing out from 
an otherwise peneplaned horizontally-bedded country (Kg* 171 ; Plate OC LX XVIII) « 
Such isolated remnants are easily mistaken for sea-ice blocks at a distance. 

The effect of jointing and crevassing on the weathering of icebergs is well seen 
in Plate OOLXXIX. Any such lines of weakness will provide an excellent point of 

entry for the tools of all 
the degrading forces. The 
rocking of tihie berg on a 

swdl will tend to shake 

out blocks. The waves of 

Big. 171 .— TUted beig with, monadnoolra, mUch 

more surface on which to 

work both by solution and mechanically. The innumerable shocks experienced by 
the berg in passing through close pack will have more planes along which they can take 
effect. The stranding of a much seraced, jointed, or crevassed berg on a shoal may well 

cause its utter ruin and dissolution into a number of smaller pieces. Instances have 

been seen of a berg running a^ore at a speed of 3 or 4 knots, and of the seracs on its 
upper surface collapsing as the upperworks of a sailing-ship have often done in similar 
circumstances. 

Examples of sudden breaking-up from apparently quite inadequate causes have 
been observed, but in such cases the cause must be looked for in the solution of the 
submerged portLons of the berg, which may, under certain circumstances, go on much 
more quiddy than weathering above the water level. One of the most dangerous 
features about an iceberg, when a near neighbour to a ship, is that nothing certain 
can be known about the state of the submerged portion, and therefore of the stability 
of the whole berg. Sudden submarine calving, with consequent overturning, is a well- 
known feature of all the later stages in the iceberg’s history. Many of the nondescript 
blue-ice bergs seen owe their apparent anomalous shapes to complete overturning, a 
fact which can often be deduced from the disposition of the original stratiffcation or 
dirbbands. 

The geological work of icebergs during their short life is significant in several ways. 
As a distributor of rock, the iceberg is certainly of more importance tban sea ice. The 
apparent virgin punty of the normal Antarctic iceberg is belied by the appearance 
of many of the tilted and overturned bergs in the later stage of decay. Such bergs 
are found frequently to contain considerable quantities of rock material. Even the 
apparently white tabular bergs when reduced in size by thaw and ablation often prove 
to contain a not inconsiderable amount of foreign matter. Good examples have been 
observed ‘of icebergs stranded along the coast, from the upper layers of which dust and 
gravel have been concentrated until rock-drifts an inch or more in thT filmfl afl have been 
formed. This, and. the heavier material carried lower down in the ice, are all dropped 
on the sea bottom, and, at the present stage of Antarctic glacierisation, must form no 
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inconsiderable proportion of tbe bottom deposits. Much of the material dredged 
from the floor of Antarctic seas consists of rounded and ice-worn stones whicb must 
have been deposited in this way. A notable example^ of particular interest because 
of its geological significance, is that of the haul of Cambrian limestone boulders brought 
up by the “ Scotia’s ” dredge ofi Coats Land. By far the greatest part of our loiowlcclge 
of the Antarctic Cambrian fauna has come from an examination of these rocks. 

Another less important work carried out by icebergs is that which results from 
their frequent stranding upon shoals. At certain points along the coast of South 
Victoria Land this is well shown, and particularly so at Cape Adare. Here the tide 
runs twice a day past the end of the Ridley Beach. Icebergs are continually stranding 
on and bumping over the shoal, and the bergs keep this portion of the sea bottom com- 
pletely free from life, while they must considerably alter the contour of the bottom, both 
by gouging and by carrying off pebbles with them when they resume their journey at a 
later date. The effect of bergs charging glaciers and sea ice is obvious. Both to the 
charged and the charger the result is disastrous, and such incidents are so frequent that 
they must play quite a noticeable part in preventing a greater accumulation of ico around 
the Antarctic continent. Icebergs in pack move always at a different rate from the 
other constituents of the pack. Wind has less effect upon them, so that normally tliey 
move more slowly. The pack in rear of them therefore surges past under the urge of 

the wind, giving rise to the curious optical delusion that the bergs themselves are moving 

■ 

in the opposite direction.* The presence of heaped-up pressure to windward and open 
lanes to leeward of a berg is a common phenomenon in the pack. The reverse process is 
seen when the wind changes and blows from a different quarter. Then the current in 
the lower layers of the sea stiU causes the bergs to move forward in the old direction, 
after the direction of movement of the surface water and tlie sea ice has cliaugcd. A 
similar contrary effect may be seen frequently when, as often happens, hergs oi'e moving 
in a different direction from the Pack-Ice owing to the presence of a deep-water cxin'ent. 
It is under such circumstances that they naturally perform the greatest amount of 
destructive work, and it is then that they are most dangerous to ships. 

The later stages in the dissolution of icebergs, usually in the summer after their 
formation, is marked by the formation of smooth water-shaped contours, which arc shown 
in Plate CCLXXX. This stage is marked by the occasional complete submergence of 
the berg during storms, and by frequent changes of equilibrium. Before this stage is 
reached, however, it may happen that, in a tabular berg, where the natural lines of 
weakness are most prominent, denudation may take place rapidly above water, while 
there still remains a broad stable pedestal below. In such oases, iceberg swan-ice ” 
may be very weU developed, as shown in Plates CCLXXXI— OCLXXXIII. An 
illustration of another peculiar form, etched by solution and complicated by the 
deposition of the frozen spray of a second autumn, is illustrated in Plate CGXVIII, 

* The distnbution of bergs m the Boss Sea is not the same as that of the pack. At all times in the 
summer and autumn months bergs are found to the northward of the Faok-Ice. They are common 
throughout the pack, and to the south of it. On the last homeward journey of the “ Terra Nova ” a 
veritable fleet of bergs was met in March, well north of the usual position of the Paok-loo. 
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Such rounded contours as are found in all sea-wom bergs are in marked contrast 
to the sLarp outlines conmion on tbe seaward faces of glaciers. This contrast, of 
course, is a result of the dilEerence between the part played by water in the weathering 
of the former and of the latter. Even on bergs stranded in high latitudes, thaw-water 
has much more effect than on neighbouring glacier cliffs. This may partly be attributed 
to the fact that the surface of all such bergs is coated to some extent with salt 
ice. The brine produced from the thawing of this must greatly assist in its turn to hasten 
the thawing of the salt-free ice beneath. In a mmilftr way, the first ai gna of melting 
about a winter quarters occur either in drifts strewn with rock fragments and full of 
dust, or in the salty ice of the icefoot and Fast-Ice. 

The effect of surf and breaking waves in disintegrating bergs is much assisted by the 
presence of the caves formed earlier in their career. This could particularly well be 
seen where the caves had been so numerous as to occupy a relatively large proportion of 
the iceberg’s waterline. In such cases, it was 'quite common for the surf to batter its 
way right through to the surfcice of the berg, with the formation of great blowholes 
through which spray was thrown many feet into the air. The next stage would be the 
breaking away of large pieces of the roof of the cave, with the formation of “ bergy 
bits ” and ** growlers,” which are the penultimate product of the disintegration of 
land ice at sea. 

( 0 ) Types of IcAerg. 

For the easy identification and description of icebergs, some division into types 
appears necessary. In the chapters on land ice formations, photographs will be found 
of the principal types of ice-sheets and ice-streams which give rise to bergs. 

Other bergs may arise from the break-up of the Antarctic icefoot and of sea ice 
several years old with a heavy snow covering. 

The present writers suggest the division of the bergs found in the Antarctic into 
the following classes ; — 

(1) Icdi&rgs with predovinmaTvt anguUur contoy/rs, 

(a) Tabular icebergs. 

(b) Glacier icebergs. 

(c) Unconformity icebergs. 

(d) Ice islands. 

(e) N6v6-bergs. 

(2) IcAergs with predofn/inaTit founded contowts. 

(а) Weathered icebergs. 

(б) Bergy bits. 

The first group of types — ^icebergs with predominant angular contours — ^inoludes 
all freshly-formed icebergs, except perhaps some of the small ones derived from icefoot 
or cascade glaciers, which would almost at once come under the heading bergy bits ” 
or growlers. ’ The second group-r-icebergs with predominant rounded contours — 
indudes naturally all the older bergs which have been so much altered by the denuding 
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influencoB that their origiiial form is indistinguishable. The criteria <^WT iTniTi5t.t.ing 
b ©'tween the two main groups are not so much the straightness, or lack of straightness, of 
th© approximately horizontal line bounding the upper surface of the berg, as the sharpness 
o£ its corners and -the verticaUty of its sea walls. 

The subdivisions of class (1) require to be defined and described more particularly, 
atid an attempt to combine this with illustration follows : — 

(la) Tabular loAergs . — ^The characteristics of the true tabular berg of the Antarctic 
are : — 

(а) The great size which it sometimes attains, which is not approached by any 

other form of berg. 

(б) Its rectangular, frequently very perfect, block cleavage, which is only found 

elsewhere in the n6v6-berg. (Often a somewhat oonchoidal cleavage is 
marked in those formed of very homogeneous, rather compact, ice.) 

(c) Its rdatively large air-content, which is, however, concentrated within the 
granules and not more freely dispersed between a looser network of ice 
granules, as in n6v6. 

{d) Its white colour and lustre, making the bergs appear at a distance as it formed 
of plaster of paris. 

Such bergs are the derivatives of some forms of Shelf-Ice, Kedmont-Ioe, Confluent- 
Ice, and Ice-Tongues, if the latter have had the upper portion above sea level formed 
from stratified layers of snow since converted into true ice. An essential of the tabular 
berg seems to be that the portion above sea level which gives the tabular form to the 
berg shall not have moved down from high land throng the medium, of a valley glacier. 
They are the most striking type of Antarctic iceberg, and are illustrated in Plate 
OOLXXXIV. 

(16) OlacieT IcAergs , — The glacier iceberg is characterised usually by a more irregular 
surface, often broken up by crevasses into seracs, or lined with less important ci^ks 
lb has usually a greenish tint, but may appear dazzling white under certain conditions 
of light. It is usually of more irregular shape and smaller than the true tabular iceberg, 
and is the equivalent of the Arctic type of iceberg which does not, however, appear to 
reach the dimensions sometimes attained by its Antarctic confrere. The deavage of the 
ice is usually also irregular, and bergs of this type, unless formed of much crevassed ice, 
are usually much more resistant to weathering. Glacier icebergs are fi^ed in 
Plates CCLXXXV and COLXXXVI. They are derived from Ice-Tonpes, Piedmont- 
Ice, Confluent-Ice, &c., which have not received a significant addition by snowfall 
at low levels, or from glaciers which do not extend into the sea. Icebergs from the 
latter source are of course much smaller than those from the fonner, but neither type 
is often seen of very great size, a quarter of a mile or so being usuafiy the maximum 

length to separate ^ without breaking up further. .-n i. • i j 

The few exceptions are derived from Ice-Tongues nourished rapidly from 
gathering grounds, in a region where coastal snowfall is small enou^ to e eo ve y 

ueutralised by ablation, wind-ohiseUiog and thaw. 
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(Ic) UnconformUy 7ce&erjs — This dass of iceberg is a transition stage between 
(la) and (lb) or (lb) and (le), but it is so easily recognisable and occurs so frequently 
along the coast of South Victoria Land as to be worthy of consideration as a type by 
itself. Mgs. 172 and 173 are diagrammatic drawings after photographs which were 
too poor for reproduction. They show two diSerent bergs seen in Robertson. Bay, 
which form good examples of this type. The origin of icebergs and ice-faces of this 
type has already been referred to in Chapter VTI. Their oharaoteristios are the 

well-marked unconformi- 
ties below which the ice is 
of distinctly different typo 
to that above. The difEer- 
ence may be very marked 
in degree, as between blue 

Mg. wa— Unoomformity hotg with two nnoonfonnities. Water-foriUod icO and lieVO, 

or less marked so that it is 
not easily distinguishable, 
unless shown up by the 
unconformable disposition 
of silt-bands. 

Mg. 173. — Uiiooiifoiinily beig. StnwtiiEe shown up by silt-bandB. The UlOrO marked 

planes of discontinuily 

imply the lapse of considerable time between the formation of the upper layers of 
the older ice and the deposition of the new snow-drift upon the denuded surface. 

Unconformity bergs may be traversed by two or more series of crevasses, one scries 
stopping ^ort at each old surface, and the youngest possibly traversing only the most 
recent ice-layer, possibly traversing all three. Such bergs are often unusually full of 
rock dust which has been concentrated along the unconformities. Such a coni’cntratiori 
may imply the denudation of a considerable thickness of ice before the now iiluise of 
deposition set in. The less marked unconformities may be due to false-bedding cjauscd 
by gusty winds, or to a relative change in wind direction causing a new lee and a scooping 
out of the drifts formerly deposited. 

(Id) Ice Island Bergs . — One type of iceberg which, because of its shape, has received 
more attention from explorers than it intrinsically merits, is the ice-island typo, which is 
shown in Plate CCLXXXVII. These oonical-shaped bergs and somewhat similar dome- 
shaped bergs are fairly common, and they have frequently been mistaken both for rock 
islands and islands covered with ice. In certain lights, any iceberg will show dark by 
contrast with the dry , or with other bergs ia the direct sunlight, while the shape of the 
ice-island berg is often reminiscent of Island-Ice, and fairly so of an island landscape such 
as might be produced, for instance, by volcanic action. 

At least two methods of origin of ice-islands may be recognised ; the shape being 
in the one case ori^l and in the other case secondary, Sheli-Ice of the Ross Barrier 
type IS not absolutely level, but has its surface thrown into " rolls,” usually as the after 
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efEect of pressure, possibly sometmies as the result of dilierential meltiug below. In 
the troughs between such rolls, the surface of the Ross Barrier may approach or almost 
reach sea level. The same troughs are often natural lines of weakness, along which 
inlets of the sea form by solution and from which iceberg-formation frequently takes 
place. If we imagine such an iceberg formed by successive calving along two such 
rolls, we obtain the typical elongated dome shape, which is one variety of ice-island 
often seen and which strongly resembles a low convex capping of Island-Ice over a small 
island. Si-milar rolls occur in many ice-tongues, and here pressure waves of more pro- 
nounced character may give rise to much more pronounced changes of contour on the 
surface of the resulting bergs, some of which may be almost tent-shaped. The term 
ice-island is, however, only given to large icebergs in the form of low domes or cones, 
as, for example, the one shown in the illustration. A secondary ice-island may an so 
from an ordinary tabular iceberg by difEerential-melting. If melting takes place quicker 
from the edges as sometmies happens, the sides of a tabular berg tend to droop, thus 
giving the characteristic dome-like form. This method is, however, not likely to give 
rise to very pronounced domes, as, before this happens, adjustment by calving is likely 
to take place. 

(le) N^S-hergs , — True nev6-berge are not very often met in the Ross Sea area, since 
ice-formations consisting in great part of n6v6 are not common. The upper portion of 
an unconformity berg may often consist of true n6v6, or even of snow. Several n6v6- bergs 
were, however, closely examined in the Robertson Bay area, where the snowfall 
appears in places considerably to exceed ablation, and on the west side of which 
drift-chisellmg and even drift snow is non-existent, at any rate in Btich a year as 
1911, where the gales were of normal strength on the cast side of the bay. Such 
bergs must be far more common where the climate is less dosert-like than in South 
Victoria Land. 

The ideal condition for their formation would be temperatures as at present, but 
with heavy snowfall in the sea-coast area, conditions approximated to on the west 
coast of Robertson Bay, where n6v6-bergs were seen most often in the present 
Expedition. 

Whether the bulk of the glaciers above sea level consist of n6v6 or bubbly ice appears 
to depend entirely upon the time taken for the accumulation of the thickness con- 
cerned — ^usually from 50 to 160 feet. This is true, of course, only for icc formations 
formed near sea-level and in the temperatures at present prevaUing in the Antarctic, 
where, certainly, water plays no part except in the formation of definite hluo- 
bands. 

The n6ve-berg (Plate CCLXXXVIII) has much the appearance of a tabular iceberg, 
but the material of which it is composed — ^at any rate, above sea level — is true n6v6 
with the air- content dispersed in the boundaries of loosely coherent ice grams, in size 
between one-eighth and one-quarter of an inch in diameter, or smaller. The specific 
gravity of the berg is comparatively small, as was proved rather efEectively when a 
true iceberg 50 feet high grounded off the Spit at Ridley Beach in 34 fathoms of water, 
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whilo a ii6v6-berg appioxiiiiately 90 feet Ugh sailed majestically past between it and 
the land. Soundings subsequently proved that no deeper channel existed which could 
account for this difference in behaviour. It must, therefore, have been the result of 
the difference in specific gravity. 

N6v6-bergs have TminTi the same glistening white colour as the tabular icebergs of 
class (Iflt)j but are gJi^tly more flocoulent in appearance. Included in this subdivision 
must come all bergs formed from ice-sheets due to the rapid accumulation of snow on 
sea ice. They therefore grade into the heavier fioes of Level-Ice which reach, after 
three or four years’ growth, a tUckness comparable with the thinnest tabular 
icebergs such as are derived from the lower portions of Shelf-Ice of the Koss Barrier 
type. 

(2a) Weabhefed Icebergs. — Class (2a) is a convenient subdivision for the inclusion of 
edl icebergs derived from any type of class (1) by weathering. After the original contours 
of the icebergs have been destroyed by frequent submersion, and often by overturning, 
it is quite impossible to tell them apart without boring well into them and exanuning 
the internal structure, which may have escaped modification by water. As this is 
impossible in the case of the great majority of icebergs, some general group is required 
to include all icebergs in an advanced stage of denudation, whatever their origin may 
have been. Examples of icebergs of such indeterminate type may be seen in 
Plates CGLXXXIX and CCXO. Many of the bergs seen in the pack, and many stranded 
at winter quarters, must be relegated to this group. In the latter situation we have 
commonly observed the conversion of bergs of one type or other of class (1) into borgs 
of dasB (2a) by overturning. As this process often takes place comparatively early 
in the hfe-history of a berg, the number of bergs under this heading is very many. Their 
chief characteristic is an infinite variety of form. They have often more or less rounded 
contours, but may show jagged pinnacles, columns and towers of the most busarre 
shapes. They are naturally rather smaller than the bergs from which they are derived 
through the agency of the weathering processes. A quite common form is a tent-like 
shape, due to quicker solution at the sides of the former base and then a symmetrical 
overturning ; on the other hand, overturning usually takes place suddenly, owing to the 
calving of a large piece of the submerged portion of the berg. It is at this time that 
the pinnacles and towers of the overturned berg are very often formed. 

Within this class and the next must fall a large number of small icebergs which 

have not been overturned or weathered to any great extent, but which have had their 

ori^n in Ihe breaki^ up of a heavy icefoot, or the swamping of hummocky-floes in 

autumn with qiray ice. The latter acoumulations may reach a considerable size, and 

the masses must be classed as bergs rather than as pressure ice, since they have the 

app^rance of bergs and behave like them in response to the action of the wind and 
the deeper currents. 

■ (26) Bwgy Btfe.— The final dass of recognisable ioebei^ material is the betgy bit. 

may e an onginal, somewhat weatheied, fragment of small size, as those jnst 
mentioned above. 
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It may, on the other hand, perhaps be derived from a glacier stranded at or near 
sea level, or possibly even from a sheet of Piedmont-Ice resting on a shore platform 
and therefore separating with difficulty and in small pieces. Bergy bits may also quite 
commonly arise from the breaking up of larger icebergs, 

A typical piece is figured in Plate CCIV, where it is shown stranded oft a rocky 
coast in shallow water and surrounded by a narrow tidal platform and by sea ice. The 
only difference between classes (2a) and (26) is one of size. Upon the sea ice breaking 
away in the following summer, the majority of the larger pieces of ice would rapidly 
have their edges worn off and become typical growlers.” 

Plate COXCI shows the result of an iceberg charging a glacier face. 


CHAPTER XIII. 

GEOLOGICAL CLIMATES OF THE ANTARCTIC. 


In recent reviews on paleography, particular attention has been paid to the physical, 
paleeontological and pateobotanical evidence from which deductions as to the probable 
dimates of the geological past can be drawn. Much the most striking of the discoveries 
of the last few years in this direction has been the estabUshment, beyond reasonable 
doubt, of certain geological Ice-ages, during which a great part of the world has been 
subjected to gjlacierisation even more severe than that at present in existence on the 
Antarctic Continent and Greenland. 

At least three times in the history of the world clear evidence of major Ice-ages 
extends over areas continental in extent ; on several other occasions the more sporadic 
occurrence of tillites, glaciated pavements, or erratics, points to the existence of glacial 
conditions and frigid temperatures over smaller areas for shorter periods. 

The more important of these periods of local or general refrigeration are indicated 
in Table XVII. 

Table XVII.-- Glacial Periods. 


Main Proved Qlaoud Periods. 


(1) Hueonian 

(2) PfiOTBBOZOlO ... 


Local 

Glaciation. 


Oonntries 

where 

Developed. 



(3) Paotbbozoio or Lower 
Cambbiait 


(4) Devonian 

(5) PEBMO-CARBONlVEROnS 


— Canada 

India 
Africa 
Norway 


China 
Australia 

S. Africa 
Australia 
S. Europe 
Bre^ 
Africa 
India 

Cretaceous — 


(7) Pleistocene ... 


— Worldwide 


Fre-glaoial surfaoo an undulating surface 
of low relief. 

Possibly two separate glacial periods 
combined. 

In Norway probably low laud as pro-glacial 
surface. 

Middle latitudes N. and S. of Equator. 
Australian geologists claim this ico-age 

< in Australia as Lower Cambrian ; United 
States geologists insist that hero also it 
is Proterozoic.* 


Middle to low latitudes. Seasonal olimato 
in N. and S. Marked inter-glaoial 
periods. Developed on plateaux of low 
relief and mountains not particularly 
g^oiated. . 

Partioularly efEeotive in high latitudes. 

Several intex-g^oial period. Chiefly de- 
veloped on high plateaux. The only 
g^mation yet proved in Antarctica. 
Apparently began there in Eooene or 
Ougpeene times, and has been inter- 
rupted by inter-glaoial periods. 


* Information has recently been received from Australia to the. efieot that Professor David, who has 

i^examined ^e exposures, now agrees with the United States geoLogists in their view of the Proterozoic 
Age of these deposits. 





It is within the scope of the present memoir to consider the relations of the Antarctic 
regions to these glacial periods or Ice-ages,” and also to the much greater time-interyalB 
during wliich conditions were more genial. With this in view, it is the writers’ intention 
first to review the available evidence of Antarctic climate ; secondly, to contrast and 
compare such evidence and the conclusions drawn from it with those relating to other 
regions nearer the Equator; and, finally, to discuss rather tentatively some of the 
theories propounded to account for the occurrence of clunatic changes on a world-wide 
scale. It may be that little which 'is original can be added to what has already 
for many years a favourite subject for philosophical speculation. On the other hand, 
nothing but good can result from further examination of the facts, and, in particulai, 
from the discussion of the particular significance oE the palacoclimatic evidence from a 
Polar continental area. 

The record of the sedimentary rocks of the Antarctic Continent and its outlying 
islands, so far as elucidated at the present date, is set forth in Table XVIII, which 
contains tlie principal strata arranged (so far as is possible) in chronological order of 
decreasing age. 

Table XVIII. 

(1) Pre-Cambrian. — South Victoria Lcmd. 

(a) Limestones of the New Harbour region. 

{b) Craphite and pyrites schists of the Terra Nova Bay region. 

(c) Slate-Creywaoke formation of Robertson Bay. 

(d) Silicified limestones and cherts and glauconitic sandstone, with casts of radio- 

laria, occurring erratic between 74° and 78° S. latitude. 

(2) CAmiMA'N, —SoiUh Victoria Lmhd and Weddell Sea, 

(a) Archfloocyathinoe limestones of the Beardmore Glacier and WeddeU Sea, 

(3) Silurian. — South OrJeney Islands. 

(a) Slates, greywaok6a, etc., of South Orkney Islands. 

(4) Devonian. — SoyJth Victoria Land. 

{a) Shales with fish scales from Granite Harbour. 

(6) Permo-oarbonieerous to RiHiBTio. — South Victoria Land and AdMie Land. 

(а) Beacon sandstone from Carmen Land to Adfilie Land. 

(б) Bay of Whales conglomerate. (?) 

(6) Jurassic. — Graham Land. 

(a) Greywackds and slates of Hope Bay. 

(7) Cretaceous. — Graham Land. 

(а) Sandstones of Snow Hill and Seymour Island and of Cobkbum Island. 

(б) Moraine-like mass at Cape Hamilton, 

(c) Moraine-like mass on mainland near Cape Earl Andreas. 
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(8) Tbbtiaby. — Ofdhom Land cmd 8(mth Victoria Land. 

(a) Upper Oligocene and Lower Miocene sandstones with plants and lainellibranohs 

from Seymour Island. 

(b) Miocene limestones of Campbell Island. 

(c) Con^omeiate with dolerite pebbles found erratic on the Stranded Muraiiies^ 

McMurdo Sound. 

(d) Volcanic glacial agglomerates. 

(i) Cape Hamilton. 

(ii) Cape Adare. 

(iii) Possession Island. (?) 

(e) Pliocene pecten agglomerate of Cockbum Island. 

(9) Plbistoobnb'and Becbkt . — Antarctica generally. 

{a) High-level moraines : — 

(i) Beardmore Glacier region. 

(ii) McMurdo Sound region. 

(iii) Granite Harbour region. 

(iv) Terra Nova Bay region. 

(v) Eobertson Bay region. 

(vi) Graham Land region. 

(6) Eaised beaches : — 

(i) Graham Land. 

(ii) South Victoria Land. 

If the individual formations from this table are examined in detail as regards the 

light which they t!^ow on past Antarctic climatology, it should bo possible to gain 

some idea of dimatio conations over a considerable portion of that period of geological 

time which has elapsed since the evolution of highly organised forms of life. Some 

^nces may also be drawn from the rocks of the earlier formations, though neces- 

y as we search further back in the record the palssodimatological evidence becomes 
correspondingly scantier. 


J iTtB-UAMBBiAiT . — SofuJth Victoria Land, 

As j“^^t be ejected, the evidence provided by the Pre-Cambrian sediments is 
. ^ + 1 , ^ ^ooks are in the main too altered to permit conclusions 

mafiPrial ^ ^imerd elements composing them, while such traces of organic 

chamreR ^ciste ve been obliterated during the dynamical and thermal 

J There are, however, 
iie •Dresence oH ^ tentative deductions may be drawn. For instance, 

P^’^iWy of the presence 
iT ^ of grapni, both 

is suflgestive of a^ m the younger schists of the Terra Nova Bay region, 

** of alj. otli» 
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A third piece of evidence tending towards a similar conclusion is perhaps the 
occurrence of sandstone containing casts of radiolaria on the South Victoria Land coast. 
As, however, this rock has only been found erratic, neither its age nor its place of origin 
. is known with any certainty. 

In the Robertson Bay slate-greywacke formation, on the other hand, nothing has 
yet been discovered to which an organic origin may with certainty be attributed. These 
rocks have certain lithological characteristics strongly suggestive of an origin on the 
shores of a continent where frost and thaw action played a prominent part.* Here, 
again, we are left in the dark as to the age of the rocks. They are, however, certainly 
either Proterozoic or older Palaeozoic. They have been somewhat altered by dynamical 
metamorphism and are strongly cleaved. The majority of the more resistant of the 
constituent minerals of the coarser members of the series are, however, unaltered. Tlie 
presence of extremely angular fragments of quartz, in some cases several times as long 
as they are broad and extremely sharp-edged, can hardly bo explained other than by 
very strong frost action. Such frost action as nod^t take place either in an arid hot or 
arid cold climate, with considerable daily temperature range on either side of 0°0. 
Much of the material in these rocks is strongly suggestive of the clastic material to bo 
found in deposits on a landmass exposed to such a climate to-day, while the deductions 
drawn from this solitary fact are supported by the presence of a fair proj>ortion of 
fresh tinaltered felspar. Thus, in these rocks, we may possibly have the Antarctic 
representatives of the late Proterozoic or early Cambrian glacial periods, of which 
abundant evidence has been forthcoming from other regions of the globe, llio Antarctic 
evidence is very meagre, however, for similar results might conceivably bo brought 
about by subaerial weathering in an elevated country exposed to the t/eiuperaturo 
extremes of a hot desert climate. A conglomeratic grit (described by Dr. Rastall as 
very similar to the Ingleton grit of Cumberland) wliich probably belongs to this foma- 
tion, affords some evidence of formation under continental conditions as a residual 
wind-sorted soil mantle.f Here again, however, the conglomerate described was 
“ erratic ’’ on an ancient moraine, and little reliance can be placed upon deductions 
drawn from its constitution as applied to any particular geological age. 

As regards the geological age of the whole series, three tilings of importance may 
be noted. These are — 

(а) the occurrence of a band of peculiar nodules somewhat suggestive of ultemcl 

shelled fossils ; 

(б) the presence of abundant iron pyrites, which suggests an organic content to 

the sediments from which they are derived ; 

(c) the fact that the larger grained sediments containing recognisable rock frag- 
ments have, in large part, been derived from the weathering of a very similar 
older sedimentary series not metamorphosed to any great extent. Fragments 
of old volcanic rocks which are quite unaltered, though much weathered, 
also occur. 

* Tho Blate-greywaok6 formation of Eoberteon Bay, South Victoria Land. Eastall and Priestley 
“ Scientific Hemoics,’* * Scott Antarctio Expedition, 1910-13,* 
t Bastall and Priestley, loc.Git, 
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Ail three pieces of evidence, slight and uncertain as they are individually, indicate 
that the rocks are not likely to be older than the late Proterozoic, while they may 
easily be of early Palaeozoic age. They are certainly, however, of quite considerably 
older age than the Devonian shales at the foot of the Beacon Sandstone. For the 
purposes of the present review, we have therefore classed them as latest Proterozoic, 
such a decision being confirmed by the fact that the Cambrian limestones of the Beardmore 
Glacier area, are much younger in appearance. 

(2) Cambkian. — South Victoria Lcmd* and Weddell 8ea.’\ 

(a) Limestones with ArchoBOcyathinm and ocdca/reous Algce. 

The earliest known Antarctic fauna is represented by fossil organisms embedded 
in limestone fragments found, in the one case, erratic on the Beardmore Glacier ; in 
the other, as an iceberg-borne deposit at a depth of 1776 fathoms near the entrance 
to the WeddeU Sea. We have thus no direct evidence of the actual extent of these 
limestones, though, indirectly, their occurrence in two such widely separated localities 
is proof positive of a very considerable range. When to this is added the fact that a 
.great proportion of the whole body of the rock fragments secured on all three occasions 
consisted either of Archseocyathinse or of Epiphyton, the prolific nature of the Cambrian 
fauna of the Polar seas appears certam. Huge reefs of coral and algse living in associa- 
tion — ^much as the coral reefs of the present day, but possibly even of greater size 
— must have existed through some degrees of latitude at least. The two localities 
in which the fragments have been found were on opposite sides of a continent many 
hundreds of nules in width. They are on opposite sides of the great continental ice- 
divide also and, unless the beds lie exactly imder and about the divide, tliey must be 
very widely distributed. Their occurrence in the Weddell Sea is another link in the 
chain of evidence binding Coats Land and Prince Eegent Leopold’s Land to a main 
Antarctic Continent, thus further Umiting the possible extent of the hypothetical twin 
land-mass of which many geologists believe Graham Land to be the northern extremity. 

The occurrence of the Archfleocyathinas and Epiphyton on a large scale in Cambrian 
Antarctic seas is (if any faith may be placed in the principle of the elucidation of 
past climates by analogy with the conditions under which the present allied faunas of 
the world flourish) definite proof of a fairly high temperature in the Cambrian Antarctic 
seas. The position of the remains shows that these seas must have stretched, certainly 
very nearly to, possibly right across, the present site of the Pole, Corals and their 
associated calcareous algae cannot, at present, exist outside of tropical seas. The 
widespread occurrence of the ArchaBooyathinae in Cambrian times has been used by many 
writers as evidence of the existence of uniformly warm seas of world-wide extension 
in the Cambrian epoch. 

* ^ ShaoHeton Antarcfcio Expedition, 1907-1909,* " Geology,*’ vol. 1, David and Priestloy, 

t Scottbh Nations! Antarctic Expedition, 1902-1904:,’ “ Cambrian organic remains from a dredging 
in the Weddell Sea,” W. T. Gordon, D.Sb, 
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Yet, it must be admitted, a comparison between Antarctic and Australian forms of 
Arcbssooyathiuse brings to light the fact that all Antarctic forms yet discovered are either 
embryomc or dwarfed. They bear the stamp of having had to struggle for their existence 
in rather an unsuitable environment. 

Further search may bring to light large forms, but in the limestone yet found by 
the three expeditions no fragments belonging to individuals of large size have been seen. 
The present evidence is, therefore, in favour of the hypothesis that Antarctic Cambrian 
seas were somewhat colder than those of what are now the warm temperate and tropical 
zones. Such a climatic diSerentiation is what man, with his tendency to consider the 
human period as the normal rather than the ahnonnal, would expect. It could, however, 
have been only slight, for Archfieocyathinse and calcareous algse, even of dwarfed types, 

I 

are not likely to have flourished in such profusion as they appear to have done here, in 
anything colder than temperate seas. This main conclusion sliould he borne in mind 
before making too much of the tendency to zonal climatic differentiation wliich is 
undoubtedly indicated by the small size of the Antarctic specimens, together with 
their markedly senile characters, the corallites having strongly thickened walls and 
septa and aii abundance of adventitious structures in the inteiiois of the cups. 

(3) Silurian. — South Orkney Islands^ West AnU»rctica. 

{a) Slates, greyivackis, etc., of South Orkney Iskmds. 

The next Antarctic sedimentary strata whose age is definable are the shales, groy- 
wack6s, etc., from the above locality. 

The Middle Silurian age of these rocks is deduceable from the fossils found in them, 
though these fossils are not sufiBlciently numerous or of the right type to afford any 
reliable information as to climate. A careful examination of the lithological characters 
of the sediments might bring to light suggestive facts, but the northerly situation of tlie 
islands in any case would minimise the value of any deductions which might otherwise 
be drawn. 

(4) Devonian. — South Victoria Lcmd. 

(a) Shales of Gramte Ea/rhawr. 

At Granite Harbour, the ‘Western Party of the Scott Expedition examined erratic 
blocks from shale beds which lay m situ a little further up the Mackay Glacier, where they 
apparently lay conformably below the sandstone which formed the basal beds 
of the beacon sandstone. In these shales were found scales of fish which are confidently 
referred by Smith Woodward to the Devonian period. These rocks apparently mark 
the beginiung of the submergence of the shores of the Antarctic peneplane which was to 
allow the deposition of thick-bedded strata throughout late PalaBOZoic and early Mesozoio 
times, the upper limit of the water-laid sediments being certaiiily no older than 
Rhsetic. 

Neither palaeontological nor lithologipal evidence from the shales is, however, suffi- 
ciently definite to afford certain means of determining the climate of the region from which 

4 ^ 


2 D 4 



the material was derived. The absence of any -sign of glacial tillites or of erratics carried 
by floatmg ice is, perhaps, suggestive of a much milder climate than the present, but 
even this fact cannot be given too much weight, siuce few exposures have been visited 
and little rook seen. The finder of the shales (F. Debenham) is, however, of opinion that 
they were deposited under estuarine conditions, and, if this is correct, the fact argues a 
widely different climatic environment from that prevalent to-day. 


(6) PEEMO-C^nBONB'EEOUS TO RH-ffiTic. — Soutlh Victoria Land am? AdStc Land, 


(a) The Beacon Sandstone formation. 

By far the most striking and characteristic feature of the topography of South 
Victoria Land is the tabular mountains caused by the block-faulting of coinitry capped 
with the horizontally bedded rocks of the Beacon Sandstone whose fossils liave — ^rather 
indefinitely — caused its assignment to the above periods. 

If the Devonian shales really are, as Deben]^m believes, conformable beneath the 
sandstone series, then, in the absence of other breaks, we must recognise in this formation 
a sequence of deposits right up to Eh©tic times, the latter age being indicated by fossil 
wood and spores — probably from the upper beds — in the Priestley Glacier rogion- The 
comparatively small thickness of the sandstone, however, and the fact that tlie majority 
of beds examined are such as to point to rather quick deposition, incline the writers to 
believe that somewhere in the aeries unooniormities, representing the lapse of considerable 
time intervals, must exist.* 

The Beacon Sandstone has now been examined, either cursorily or thoroughly, 
in four separate regions in South Victoria Land,f and also in Ad61io Land. The 
broad feature as affecting climate, common to all exposures, is the presence of a relatively 
large quantity of woody or carbonaceous matter, or of fossils after woody matter, through- 
out a considerable thickness of the sandstones. 

Undoubted plant fossils have been found from several horizons. 

Beds of coal of somewhat poor quality have been reported from at least two localities. 
The type plant of the Glossopteris flora has been discovered in great abundance at tlie 
Beardmore Glacier, within a few degrees of the Pole, There can be no doubt at all that, 
throughout a considerable portion of this time, the climate of large regions of tliis part 
of Antarctica was such as to favour the development of a relatively prolific flora, 
though one of a type which is associated in other countries with evidences of the 
great Permo-Carboniferous glaciation. Indeed, the opinion is held by many eminent 

wood ^eoimens from the Pnestley Qlaoier, named by A. C. Seward “ Atitarotiooxylou 
pziestLeyi, have been found by J. Walton to show marked affinities to ** Bhexoxyloii.” It is possible 
t^t the reexamination of the speoimens at present taking place may modify the estimate of tho age of 

e upper t of the Beaoon Sandstone, thus biingizig the conoltisionB more into lino with the lithological 
evidence. 


t Amundsen brou^t back no Beaoon Sandstone, but he collected at only one spot, “ Mount Botty.’* 

ere appeara ^ ^ believe that the Beaoon Sandstone formation dies out before Garmon 

Land 13 reached f The South Pole,* Roald Amundsen). 
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pateobotanists that Antarctica itself may have been the original home where 
the development of the Glossopteris flora took place, and whence it spread to 
South America, Australia and South Africa. There seems, indeed, every reason to 
countenance this view. 

So much for the salient feature of the Antarctic climate of the late Falmozoic and 
early Mesozoic times. Let us now examine the evidence from eacli district in turn, 
in the endeavour to define more closely the Antarctic climate of this era. 

If we work from south to north along the block-faulted coast which presumably 
stretches from Carmen Land to Ad61ie Land through 20® of latitude, we shall consider 
the localities in the following order : — 

(1) Beardmore Glacier region. 

(2) McMurdo Sound and Ferrar Glacier region. 

(3) Granite Harbour region. 

(4) Terra Nova Bay region, 

(6) Adelie Land. 

(a) Bea/rdtnore Olcmer regim,* 

The occurrence of coal seams in the upper Beacon Sandstone of the Beardmore 
Glacier is suflicient proof of the existence in these times of a climate very diiderout from 
that of the present day. Lumps of rotten coal and of impure carbonaceous shales were 
literally full of Glossopteris remains, so numerous as to remind Professor Seward, who 
described the plant fossils brought back by the Scott Expedition, of certahi bods in 
South Africa and Australia packed with the same type of leaf.*’ 

He goes on to say later in the same paragraph, “ the occurrence of coal-seams and 
carbonaceous bands favours the view that the windswept hills of the Antarctic continent, 
though themselves sparsely clad with vegetation, overlooked some Bheltere<i lowlands 
covered with the gregarious Glossopteris and its associates.” Undoubtedly, the climate 
of this region must have been comparatively mild and somewhat humid, tliough the 
existence of seasons is suggested by the banding wliioli is decipherable in the specimen 
of much decomposed wood brought back by Shaokleton’s southern party from the sanro 
locality. As regards the oluonological extension of the mild period, Wild reports at 
least 26 feet of coal in seven seams, with sandstone and shales intervening.f Obviously, 
such a thickness must have taken a considerable time to accumulate under the most 
favourable conditions. If, as the lithological character of many, of the rocks suggests, 
the neighbouring highlands were windswept and arid, and, therefore, devoid of any 
great amount of vegetation, this minimum time must be very considerably extended. 

The lithological evidence from the sandstones and quartzite ” of the Beacon 
Sandstone of this region points towards the great majority of these having been deposited 
in a climate where water played a somewhat subordinate role, and freeze and thaw ” 
action a rather predominant one. Oonglomerates appear to be less common than 

* ‘ Britiflli Ajitorotie (** Terra Nova ”) Expedition, 1910.* ** Natural History Report. Geology,** 
v-ol. 1, No. 1, pp. 1-49. Antaiotio Eossil Plante,** A. 0. Seward, F.R.S, 

t ‘ Sliaoldeton Geological Report,’ vol, 1, David wd Priestloy. 
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elsewhere, tliougli this may be more apparent than real, since such specimens would 
tend to be absent from coUections of small fragments made by exi)lorers who were not 
trained geologists. 

The basal limestone breccia, in which the fragments of ArchfiBocyathinee occur, is , 
typically a non-aqueons deposit. The presence of a large proportion of unaltered original 
felspar in the rocks described by Mawson on the first Shackleton Expedition suggests 
the rapid deposition of detritus which was not appreciably acted upon by percolating 
water.* The angular nature of the grains in the same rocks suggests an absence of 
trituration in running water, or along a shallow coast. Amongst the specimens collected 
by th'e Scott Southern Party, some are much more suggestive of water action, pointing 
to periods of milder climate and dower deposition, but the general facies of the deposits 
suggests relatively quick deposition of meohanicaUy-derived sediments along a steadily 
subsiding coastline. 

The 300 feet of interbedded sandstones, shales and coal seams, on the other hand, 
appear to belong to a period of comparative equilibrium with frequent minor oscillations, 
during the upper phases of which vegetation rapidly collected and grew in aitfu under 
estuarine conditions. 

(6) MoMwrdo 8omi and Ferrwr Olader region. 

Erom the second of the regions visited by the three British Expeditions, and par- 
ticularly the Ferrar Glacier, where Hartley Ferrar first studied this formation, the evi- 
dence is of somewhat sirhilai nature.t On the whole, however, there is a relative paucity 
of carbonaceous remains which cannot be accounted for by the indurating and destrojdng 
infl-uence of the dolerite intnisions which are perhaps more dominant here. There 
appears certainly to have been less vegetation in this area, while the wind-rolled sand 
grains composmg many of the sandstones are highly suggestive of a climate considerably 
more arid than in the Beard more district. Ferrar describes con^omerates which un- 
doubtedly owe their rounded pebbles to water action, and, again, some of the sandstones 
are suggestive of the work of running water or of wave action. On the other hand, a 
breccia with almost cubical fragments of quartz with extremely sharp angles bespeaks 
frost action without subsequent re-sorting, and once again, fresh undecomposed original 
felspar is a prominent constituent of some of the beds.!|! On the whole, the evidence, 
though somewhat conflicting, is suggestive of altemations of marine and continental 
deposition on a somewhat arid coast, with occasional heavy rains and certainly with 
considerable frost action. 

(c) Qrcmite Ha/rbow region. 

At Gramte Harbour, which was thoroughly examined by a party of the Scott 
Expedition contaiuing two geologists (Debenham and Taylor), practically thre same 
phase of the Beacon Sandstone was encountered as that just described. Here, coal 

* * Shaoldeton Antarotio Expedition, 1907-9,’ “ Geology,*' V 9 I. 2 . 

j* ' National Antacctw Expedition, 1901-4,' “ Natural Hjatory,” voL 1 , “ Geology,” H. T. Ferrar. 

J ‘ National Antai®tio Eipedition, 190 “Natural History,” vol. l. “Geology.” Report on 
the Bock Specimens,” etc., G. T. Prior; 
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measures comparable with those of the Beardmore Glacier exist, and, though the seams 
were inaccessible, blocks of good coal were collected from the moraines. Lithologically, 
Debenham states, the sandstone strata bear the stamp of deposition under estuarine 
conditions, on the flank of a continent with predominantly arid climate and with large 
temperature range, but with local areas where conditions were suitable to profuse 
vegetable life. Here, as in the Ferrar Glacier region, the strata were observed to bo laid 
down upon the border of a peneplain of low relief aii^d senile contour. This fact may, 
perhaps, be of importance in attempting to explain the apparent difference of intensity 
of the glacierisation of Permo-Carboniferous times in low latitudes and in the Antarctic. 

(d) Terra Nova Bay regiorh. 

From the Terra Nova Bay area, one or two interesting pieces of evidence can bo 
adduced. To begin with, the discovery of fossil stems 12 to 18 inches in diameter, and of 
fragmentary impressions of even larger trees, is suggestive certainly of climatic condifiions 
in the neighbourhood of what is now tlie Priestley Glacier, in which forests of trees of 
considerable size could flourish. Almost every specimen of sandstone contained more 
or less carbonaceous material. Indeed, the outstanding feature of the Beacon Sandstone 
of this region was the relative abiindanco of such remains, a profusion which, as regards 
woody material, seems to be equalled only in the Beardmore Glacier area. The fragments 
of tlie stem described by Professor Seward under the name Antarcticoxylon priestleyi* 
shows, however, extremely well-marked growth rings, suggestive of a climate with 
considerable seasonal variation. Sxioh wood might be compared with that at present 
growing in Arctic continental regions in high latitudes. Tho'clbnate here, possibly, 
nearly approached the limit of viiriation which large trees can support. 

The lithological evidence is again in favour of the prevalence of climates favourable 
to a considerable amount of frost action. In addition, a volcanic phase, while possibly 
prodticing a loc.al amelioration of climate, must have added considerably to the diflicultios 
of the plant inhabitants. Indeed, the presence of largo quantities of Idghly carbonaceous 
tuffs and of bituminous sandstones is strongly suggestive of a frequent wholesale 
destruction of vegetation, which could only be made good by fresh migrations from 
neighbouring more favoured areas. Tlie waterwom pebbles of the conglomerates 
again, however, attest tlie presence of streams of considerable velocity and probably 
of considerable shso. Con^omerates are more common here than in any district where 
the Beacon Sandstone has been examined, and it is in these conglomerates that many 
of the best preserved of the fossil wood speoimens are to be found. Once again, arkoses 
with unwoathered original felspars are common, and add their quota to the weight of 
evidence in favour of a rather desiccated climate. The impression is gained of a desolate 
arid landscape, with occasional heavy seasonal rains washing large quantities of rolled 
detritus into the sea and with neighbouring lowland tracts, or even sheltered upland 

* Since the above was written, tho material has been further ezozniued by J. Walton, who will shortly 
bo publishing a note on tho fossils. Ho identifies the wood os belonging to tho genus ** Rhexoxylon.*’ Its 
nearest analogues are found in the Moltono Beds of the Btormborg Series of tho Karroo Formatioh of 
South Africa. 
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valleyB, where local more uniform precipitation, or fertile oases with permanent water 
supply, permitted the growth of a quite abundant local vegetation of a hardy type. 
The comparative activity of water erosion may conceivably be correlated with the 
frequent eruptions of volcanic dust and ashes which marked the prevalence in this 
region of extrusive igneous action. 

There remains one fact which requires mention — ^the occurrence on a moraine on 
Mount Larsen of a fragment which Mawson describes as a “ true tiUite of older age.*’ 
Was this derived from the Beacon Sandstone formation ? If so, it is the solitary instance 
we have so for discovered of a ^cial phase in the whole of this great sedimentary 
formation. It requires mention, though it is, of course, problematical whether it 
belongs to this period, and whether, even if it does, it is of any considerable extent. 
One of the most striking features of the Permo-Carboniferous (?) deposits of the Antarctic 
continent is the fact that in this present home of the Continental-Ice sheet, there have 
been found no evidences of a marked ^cial phase at a time when Australia, South 
Africa, South America and India — ^regions within a few degrees of the Equator—were 
strongly glaciated. 

It is unbelievable that such deposits of any extent could have been missed by sledge 
parties conscientiously examining every cliS section and moraine across their path. 
In some cases, trained geologists accompanied the parties. It is true that exposures — 
although ideal when reached — ^were few and far between, but, on the other hand, the 
moraines, frequently followed as a convenient avenue of geological and geograpliical 
exploration, provided a sdection of rocks from all the exposures past the foot of which 
the ^aciers had moved; We are confident that, if the several glaciers traversed had 
cut through glacial beds (and they have severed the Beacon Sandstone formation from 
top to bottom) fragments of the tillites must have been encountered somewhere or 
other. The only glacial beds that could well have been overlooked are local deposits 
due to valley ^aciers. There are many points about the sediments which make it 
quite possible that such vaUey ^aciers with their local n6v6fields may have existed. 

We have, however, no proof even of this and, on the whole, the evidence is rather 
for desert conditions with a large temperature range with one extreme below freezing 
point, but with little moisture to form accumulations of snow and with too liigh a mean 
temperature to enable any such accumulations to become perennial. 

(s) AdSUe Lcmd Region. 

The Australasian Expedition of 1910-1913 have examined typical Beacon Sandstone 
outcrops in the vicinity of King George V Land.* Once again, the formation contains 
many carbonaceous layers and some, rather impure, coal seams. The presence of thick 
deposits of red sandstone is suggestive of long periods of desert climate and, indeed, 
the evidence of the whole series, points to climates very uniform with those of South 
Victoria Land at the same time. It has, however, proved impossible to obtain copies 
of the detailed reports of the Expedition from which more definite ooncliisions Tnigbt 
be drawn. 

* D, Mawson, ‘ Geol, Jour.,* 1914. 
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(/) Bay of Whales Ikedgi^ig. 

Mention might finally be made of a number of specimeuB of conglomerate dredged 
up from the Bay of Whales which, judging froiA the included fragments, and from the 
general appearance of the rook, may quite probably belong to the Beacon Sandstone 
formation. The rock consists of numerous waterworn fragments of quartzites, schists, 
and granite set in a fairly coarse groundmass of angular or sub-angular grains of quartz, 
themselves embedded in carbonate. In its general appearance, it is quite like some of 
the coarser grits of the Beacon Sandstone which are also locally very full of carbonate. 
The interest of the rook lies chiefly in its position, which suggests the possibility oE a 
considerable eastward extension of the Beacon Sandstone, perhaps in the range Amundsen 
saw diverging in a north-easterly direction from south of Carmen Land, When 
originally examined in the field, the rook was taken for a tillite, but subsequent micro- 
scopical and chenodcal examination has proved the fine grey material of tlie matrix to 
be, not glacial mud, but carbonate. 

(6) JuBASSio . — Oraham LemdJ^ 

While particular attention has been paid to the Permo-Carboniferous to Eheetic 
deposits of East Antarctica, which are typically developed in the region personally 
examined by ourselves, perhaps the most striking evidence of mild Antarctic climates 
is to be found in West Antarctica. On the islands lying ofE the moiuitainous coast of 
Qraham Land, the Swedish Antarctic Expedition, under the leadership of Otto Norden- 
skjold,t were fortunate enough to make their winter quarters actually on sedimentary 
rocks containing well-preserved land floras. Of these, the oldest proved to be of Jurassic 
age and the series was typically developed at Hope Bay, whore Gunnar Andorsson, 
the geologist of the Expedition, was detained for the greater part of a winter. The 
researches of this party were rewarded by the discovery of the remains of a prolific 
flora of numerous species, embedded in the slates which formed a conspicuous feature 
of the deposits. This flora has been fully described by Professor NathorstJ and T. S. 
HaUe, and for the present purpose, no recapitulation is necessary. It suffices to quote 
the following sentence from the paper in which the discoverer of the rocks reported 
his find : — 

Considered as a whole, this Jurassic flora resembles on the one hand the 
European Jurassic flora, on the other the upper Goudwana of India (Jabalpur, 
Kach). From a climatological point of view, there can be traced no difference 
between the floras mentioned, and in this respect the collection from the Antarctic 
region might have been gathered on the coast of Yorkshire, as the absence of 
big-sized Otazamites may be considered accidental. In the abundance of species, 
the flora from Hope Bay far suipasses aU Jurassic floras hitherto known from 
South America.” 

0 

* * The G^logy of Qraham Laud,’ J. Ghumac Andersaon. 

t ' Die Sohwedifiohe Sud Polar Expedition and ihie geograpluaohe T&ti^eit,’ Otto KoidenBkjdld. 

X The flora was described in detail by Halle after a prdimiuaiy note by Nathont (** The Mesozoio Mora 
of Graham Land,” T, Halle). 
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No better evidence could be required of the mildness of the Graham Land climate 
in Mesozoic times. There is no need to reinforce the testunony of the plants by any 
close lithological examination of the rocks in which they occur. 

The presence of large fronds of delicate ferns in an undamaged condition is proof 
enough that, here, we are dealing with a flora which, in great part at any rate, existed 
on the spot. The accompanying bivalves of fresh-water affinities, and the presence of 
water ferns {Sagentoptens) are quoted by Andersson as proof of deposit in a local fresh- 
water basin.* Considered in connecbion with the uniformity of the Jurassic flora over 
the whole of the very wide region where it has been found, this flora of the Antarctic 
regions must be a clinching argument in the hands of those palseobotanists who claim, 
the absence of any measure of zonal climate similar to that existing in the present age. 

It may possibly be owing to the fact of East Antarctica having already been 
raised or being in process of being raised, that no equivalent rocks have been found in 
South Victoria Land. On the other hand, it should be pointed out that the top of the 
Beacon Sandstone has nowhere been examined. The gentle dip of the beds inwards 
at the inland side of the horst suggests that there may well be succeeding Jurassic beds 
under the ice which, if exposed, might t^ a similar tale. 

In the absence of such evidence, however, we have to be content with this somewhat 

one-sided indication of what the Jurassic Antarctic oUmate was like. It is extremely 

unlikely that such a sudden change could take place in the few remaining degrees of 

latitude as to bring about glacial conditions in the region immediately round the Pole. 

The evidence appears sufficient to warrant the assumption that, in Jurassic times, the 

Antarctic regions — like those about the North Pole — enjoyed a climate comparable 

to that we should by present standards call warm-temperate to sub-tropical. 

■ 

.(7) Crbtaobous. — OraJum L(md,\ 

(a) Marine sedvmmts of Snow Hid, Seymour Islcmd a/nd OocMmm Isla/nd. 

For evidence of Antarctic climate in the succeeding geological period — ^the Creta- 
ceous — ^it is agam necessary to turn to West Antarctica and Graham Land. At Snow 
Hill and Seymour Islands, and at Cockbum Island, Nordenskjold examined and described 
a thick series of soft sandy beds of apparently typical marine shallow-water type, with 
occasional days and nodular limestones. In these rocks was found a varied marine 
fauna including ammonites, abounding both in specimens and species, bivalves and 
gasteropoda, fish remains and corals — eohinids and d^poda (rare) — some scarce 
pieces of wood.” Of all the few plant fossils, only one was determinable, a small twig 
of a conifer. Sequoia fastigata. The general facies of the faima seems to be still, in 
the main, warm-temperate, but at least one bed of pygmssan forms suggests the possi- 
bility of a refrigeration, possibly the forerunner of the greater fflUfl in temperature to 
come. Further researches may bring to light more plant fossils which may enable 
more precise deductions to be drawn. It is interesting to note that the one determinable 

• As the affimtiea of Sagenopteris axe not yet well known, this dednotion is not prahaps quite soimd. 

t Otto Notdenslqald, ho. cU. 



plant foBsiJ finds its nearest analogue in the Cenomanian of Europe and the Conomaiiian 
and Senonian of Greenland.” 

Once- again, we are entirely without climatic record, or, indeed, so far as is known at 
present, without any stratigraphical record of this period in Bast Antarctica. It is 
probably to this period that we must assign the vigorous intrusive igneous action wliioh 
was world-wide in its scope, being equally felt in South Africa, Australasia and Antarctica, 
to name three localities, only. Such immense continental movements of igneous magma 
must have resulted in or' been the result of a distiubance of isostatic equilibrium. This 
may have found one expression and compensation later in Tertiary times hi the block- 
faulting movements which gave East Antarctica its present fonn. Even did evidence of 
Cretaceous climate in East Antarctica foimerly exist, it has long been swept away, hidden 
beneath a mantle of ice west of the great rock divide, or beneath tlic waters of the Boss 
Sea. In this connection, it is interesting to note that, whilo fragmental volcanic rocks ajid 
parasitic cones at Ross Island and Cape Adaro contain recognisable pieces of Beacon 
Sandstone and dolerite, and, in the latter place, also of the slate and greywuckc of the 
Robertson Bay formation, none have been observed which could probably belong to 
later sediments. The only post-Rhmtic sediment known from Bast Antarctica is a 
conglomerate containing numerous fragments of dolerite, several pieces of which were 
found by one of the writers on the Stranded Moraines in McMurdo Sound, in 1908. 
These are referred to in the petrological Memoir of the Shackleton Expedition* and 
are believed to be of late Tertiary age. 

(b) Moraiifie-lihe mass at Gape IlavmUofu (Ordham LamJ), 

Immediately above tlie Cretaceous beds at Capo Hainilton lies a deposit of great 
climatic importance, which is described by iis finder as follows : — 

“ A moraine-like mass, some metres in thickness. In a clayey matrix lie 
numerous angular fragments of crystalline rooks foreign to the locality (granite, 
etc. No volcanic rooks or porphyries were noticed among tliesc fragments of 
plutonio eruptivos and crystalline schists). Also pieces of ' claystonc * wore 
noticed. The largest of these lumps of foreign rocks did not exceed half a inetor 
in diameter ; most of tliem were much smaller.” 

Above this, again, lies a bed of olayish sandstone,” two metres in thickness, with 
numerous small fragments of basalt, and exhibiting evidence of current-bedding. Mention 
has already been made of the sandstone at Cockbum Island, which was found to be crowded 
with pygmsean forms of life such as might be expected to result from the encroachment 
of colder conditions upon a marine fauna long developed in, and habituated to, more 
genial conditions. 

It appears probable, again, that in this moraine-like bed above tlie Cretaceous — 
it may be still in Cretaceous times, it may be in early Tertiary, but certainly before the 
outpouring of the Oligocene basalts — ^we have visible evidence of one swing of the 
climatic pendulum as the Tertiary refrigeration set in. Angular rock fragments in 

• * Shaoldoton Expedition, 1907-9,* “ Geology/* vol. 2. 
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a dayey matrix are strongly suggestive of gladal action on a comparatively large 
scale. 

Of the same age, perhaps^ is a deposit on the mainland coast between Cape Karl 
Andreas and Cape Gunnar, which Andersson describes as follows : — * 

“ Here, a shore nunatak exhibits a coarse conglomerate with boulders up to 
2 metres in diameter. In general, the mass is quite unstratified and really much 
like a bottom moraine, though the rock is old and seems to have taken part in the 
mountain folding.** 

The time of the folding is believed to have been between Cretaceous and Upper 
Oligocene, and it is therefore quite likely that the two deposits may have been more or 
less contemporaneous. If this is so, it should be noted that these form the first definite 
evidences of glacial conditions, on anything like a large scale, in the geological history 
of the Antarctic, as partially unfolded before our eyes. Both in Proterozoic (?) and 
in Permo-Carboniferous times, suggestions of local arid spells which may possibly have 
been cold have been cited. Nevertheless, the normal conditions so far have undoubtedly 
been mild, compatible with the flourishing of vegetation on a large scale, or the develop- 
ment of warm-water faunas, equally unsuited to the present Antarctic conditions. 

(8) Tertiary. — ^aham Land a/rid South Victoria Lmid, 

(a) Upper Oligocene to Lower Miocene Sandstones of Sey^nour Islmid, 

To Graham Land, the botanical museum of West Antarctica, we must again tiun 
for the evidences of a Tertiary flora which is proof positive that, if glaciers commenced 
to flourish in early Tertiary times, the begLuoing of the ice age was accompanied by 
similar climatio fluctuations to those which marked its close in more northern latitudes. 
Not yet can the extension of the Continental ice-floods have swept the Antarctic flora 
into the sea, or, if such a thing happened, “ land connections *’ with South America must 
have permitted comparatively rapid repopulation by migration, immediately conditions 
once more became sufficiently ameliorated. 

In the words of Prof. Nathorst in his prelioiinary report on this Tertiary flora : — 

“ Lea Fougferes y sont assez communes et appartiennent a plusieurs esp&ces 
difl^rentes, mais les d6bris sont de petites dimensions et difficiles A d6terminer, 
Une conif^re a feuilles distiques rappelle assez, A premiere vue, l*aspect d*un 
Sequoia, mais un examen attentif semble indiquer qu*il s*agit d’un autre genre. 
Une seule feuille isol6e semble appartenir a une ArauGairia,‘|* assez voisin de l*Ar. 
brasilaensis. Les feuilles de Diootyledones sont g6n6ralement petites et prAsentcnt 
le mSme facies que celles de certaines flores tertiaires de FEurope m6ridionale. 
Comme fait int&ressant il y a lieu de signaler quelques feuilles de Fagus.*’ 

* J. Quimar Andexsaon, loo, oit, 

t Araiioaxian wood in trunkB up to 2 foot in diamotei has bean describe fcom Kerguden Island. 
Those plant lemains arc presoEyed between sheets of TerldaFy lavas which axe quite probably of HiTnilar 
age to the great vdoanio outpoimngB of East and West Antarotioa. (H. B. Gbeppext, ‘ Bot. Centxalblatt/ 
bd. V, p. 378 ; A. 0, Seward, loo. oU.) 
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The presence of dicotyledons and in particular of beech leaves, gives the flora a 
and homely appearance. Its likeness to the homotaxial flora of Southern 
Europe is proof enough of at least a temperate climate. The value of the fossils as 
evidence of strictly Antarctic oUmate is lessened by the fact that they occur in a marine 
deposit. Nevertheless, the preservation of such delicate fossils as leaves of beech, &c., 
strongly suggests that, though “ erratic ” in the strict sense of the word, they grew on a 
land not far from the place where they were found. 

The probabilities are really aU in favour of their derivation from some portion of 
what we now know as Graham Ijand, or even from further south. From the affimties 
of the moUuscan fauna, which was contemporaneous with this flora, little that is definite 
can be learnt as regards climate. It bears strong resemblance, however, to that of 
the Patagonian molasse,” the majority of species being common to both, and this is 
perhaps suggestive of waters of much the same temperature in the two localities* The 
presence of bones of several species of penguin suggests, at any rate, a cool coastal 
ohmate ; that of the remains of a zeuglodon is of no value, since this animal approached 
in type to the killer whale and probably enjoyed an equally widespread distribution, 
Oonsidering all the evidence together, we are perhaps justified in visualising conditions 
similar to those at present existing near the outer liroits of the temperate zones of to-day, 
though the presence of some 60 sub-tropical forms and only 20 temperate forms in the 
flora suggests a somewhat warmer environment. 

It is quite likely that, further to the south, local glacierisation persisted from the 
early Eocene beginning of the glacial period of which some evidence has already been 
cited from West Antarctica. 

If this interpretation is correct, then the Oligocene-Miocene flora and fauna either 
persisted in spite of the approach of glacial conditions, or developed in, or migrated 
into, the area during an interglacial period, much as happened once and again during 
the Pleistocene Ice-Age in tb.e northern hemisphere. 

{b) Miocene Limestone of Ccmphdi Island, 

It is to the sub-antarctic islands of East Antarctica tliat we must turn for the 
next evidence of Antarctic Tertiary history. Many wei^ty reasons have been adduced 
by the scientists who surveyed the Auckland, Macquarie and Campbell Islands south of 
New Zealand to support the theory that these are remnants of a Tertiary land-mass of 
continental extent which may have been an important item in a chain for min g a “ land- 
bridge ” between Antfiucctioa and New Zealand and, through the latter, possibly Australia. 
Upon Campbell Island, limestones of Miocene age have been found, and the presence of 
these is a somewhat unreliable piece of evidence in favour of the existence of a milder 
dimate in Miocene times than at present. To this may be added, however, more defimte 
physiographical evidence of the preponderance of water erosion in Tertiary times, when 
the present drainage lines clearly originated as a stream system in late Tertiary times, 
to be subsequently modified by the glaciers of the Pleistocene (?) Ice-Age. At the close 
of the Miocene period, volcanic action broke out, and the results of this have to a 
great extent obscured the stratigraphioal record. 
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(o) Volcamc OlaoM Agglomerates, 

All over the Antarctic^ at all the weak spots and lines produced hj the Tertiary 
earth movements, volcauic action has resulted in the deposition either of immense lava 
flows, or of aggregates of intercalated lavas and more fragmentary ejectamenta. Over 
a great portion of the continent, no precise age can be assigned to the deposits, but, 
assuming the disturbances to have been fairly contemporaneous, the stratigraphical 
evidence is sufficient to limit the volcanic action to the period between Upper Oligocene 
and the present day, when it still lingers at such isolated spots as Mount Erebus in 
Ross Island. 

While it is probable that these volcanic deposits, which form a considerable 
portion of the exposed rock near the headquarters of almost aU the Antarctic 
espeditions, have much defaced and hidden the later portions of the stratigraphical 
record, in one or two places they themselves bear quite definite evidence of the climatic 
conditions dunng portions of the time characterised by their outpouring. At three 
separate localities have such isolated scraps of evidence been found, all tending to 
support the assumption that glaoieiisation was the rule during at least a great portion 
of the late Tertiary era ; — 

(i) Amongst the lower volcanics of Seymour Island in West Antarctica, Nordensk- 

reports the occurrence of a tufaceous breccia with numerous foreign 
blocks of schist, slate and gneiss. He himself ascribes the formation to the 
working of ice, since none of the rocks occur m situ within 30 to 35 miles. 
He states that the deposit was probably laid down in water, in which case 
the erratic blocks must have been carried either by icebergs or by the float- 
ing termination of ice-sheets comparable to those at present fringing the 
continent. 

(ii) At Cape Adare, the I^orthem Party of the Scott Expedition discovered low down 

in the volcanic series a similar tufaceous agglomerate crowded with what 
were— -from there shape and the diversity of their kinds — ^undoubtedly erratic 
blocks. Beautifully facetted blocks of granite and dolerite lay cheek by 
jowl with more angular and icregularly shaped schists, slates, porphyries, 
and volcanic rocks, much older in appearance and differing in type from the 
Cape Adare Tertiary series. The age of the deposit is problematical, but 
must be comparatively early in the Tertiary volcanic history of South Victoria 
Land, for the basalts of Cape Adare look distinctly older than those of Ross 
Island* This particular deposit has been buried beneath many hundred 
feet of later lavas and tuffs, while, since the cessation of volcanic activity, 
the eastern deposits of the cape have been cut away by the sea until the 
peninsula fronts the ocean as a cliff two or three thousand feet high. In 
the opinion of the finder of the deposit, the Miocene period is the latest to 
which it can be assigned. The position of the rocks, unless considerable 
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ohanges of level have taken plaoe^ suggests an ice flood somewhat greater 
than the present. This is home out by the constitution of the enclosed 
moraine material, the majority of which must have come from mountains 
at least half a hundred miles to the south and west. 

(iii) At Possession Island off South Victoria Land, during the cursory visit of the 
Boss Expedition in 1841, a specimen of muscovite granite, with fragments 
of tuff adhering to it, was collected by the surgeon of the Erebus. Pos- 
session Island itself is entirely volcanic, and it is likely that further research 
might bring to light a deposit similar to those described above, in which case 
further evidence stiU would be available of the antiquity of the Antarctic 
Ice-age. On the other hand, the granite specimen may have been torn from 
the wall of the fissure or pipe through which the volcanic material was forced 
to the surface. This is a point for further investigation. 

(a) Pliocem Oonglomeraie of Ooohbum IsUmd, 

At Cockburn Island, which stands in the eastern entrance of Admiralty Sound in 
West Antarctica, an interesting Pliocene marine deposit has been collected. In a 
conglomerate consisting chiefly of large and small basalt blocks, occur a few erratics of 
gneiss, granite, &c,, which must have been carried to their place of deposition by floating 
ice. The fauna of the bed is characterised by the preponderance of a very beautiful 
Pecten, closely allied to one occurring in similar beds in Patagonia (P. Actmoides) of 
which the deposit is believed to be the analogue. It is an interesting commentary on 
this occurrence that another large and beautiful Pecten (P. OoTbeoM) forms the charac- 
teristic inhabitant of the surface of similar deposits in the shore a»ne along the South 
Victoria Land coast of the present day. Further evidence of the Pliocene Antarctic 
climate is afforded by the fact that the cold-avoiding Ostrea, common in the Pat^oniau 
deposits, is conspicuously lacking in the Cockburn Island conglomerate. Of the other 
fossils, 6 out of 12 Bryozoa are now Uving in Antarctio waters. Mature consideration of 
the fauna by the discoverers of the deposit have led them to form the opinion that it was 
laid down in a slightly warmer sea than that in the same latitude at the present tune. 
If this is correct, the deposit thus suggests a milder period within the Tertiary Ice-age. 
This agrees quite well with the evidence of the early volcanic a^omerates and of bhe 
Pleistocene and recent high level moraineB, which we will next consider. The present 
position of the conglomerate several hundred feet above sea-level is eloquent of recent 
tectonic movements in the Graham Land region. 

One factor to which some weight must be given when drawing analogies between 
the known climiates of the Graham Land region as indicated by the fossil floras and 
faunas, and the inferred climate of the Antarctio regions generally, is the possibility of 
a land connection stretching right down from South America. One result of such a 
land-bridge would probably be the persistence of a warm surface current ri^t down 
into the Antarctic regions, and this would possibly suffice to give a different facies to 
the marine fauna of the shore zone in partioularr Thus, quite possibly, the Phooene 
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deposit just considered may be of quite local significance, and have been laid down in 
spite of the continaance of the Ice-age without much amelioration throughout Pliocene 
times. The writers, however, consider such a deposit incompatible with any greater 
extension of the shore-ice fringe than at present exists, so that this period would still 
appear to be marked by rather less ^cieiisation than that both immediately before 
and after it. 


( 0 ) PI4EISTOOENE AND Beoent . — Antarctica gmefraUy, 

(a) EighrLeud Morames. 

The evidence for a Pleistooene or recent extension of the Antarctic ice-covering, far 
beyond its present limits, is overwhelnungly strong from all Antarctic regions where rock 
is at present left uncovered. Similar evidence is afforded by an examination of any of 
the sub-Antarctic islands. The weight of testimony is all in favour of the conclusion that 
this most recent TyiaxiTmim of the ice was the culmination of the Tertiary Ice-age, which, 
as we have shown above, appears to be the only Antarctic glacial period whose existence 
is indubitably indicated by the sediments at present brought to light. A general review 
of the observations made by many Expeditions points to a former thickening of the 
ContLnental-Ice by at least several hundreds of feet ; to the submergence of valleys now 
occupied by glaciers by, in some cases, as much as two to three thousand feet ; to the 
swamping beneath the ice-flood of thousands of nunataks and nunakols at present 
exposed ; and to the occupation by ice of portions of the continent at present almost 
entirely ice-free. 

The evidence has been reviewed and siinunarised in several recent comprehensive 
publications on Glaciology and does not therefore need recapitulation here. The records 
of aJl expeditions which have explored the Antarctic continent and islands are full of such 
indications. The protagonists of most of the more interesting discussions and contro- 
versies on Polar Glaciology have quoted them again and again in favour of one or other 
of the theories put forward to e^lain glacial periods and the undoubted fluctuations 
of dimate which together make up an Ice-age. We will therefore content ourselves 
here with a brief review of the evidence personaliy encountered by members of the 
present Expedition in the regions visited by them. 

(i) Bea/rdmore Gflader (83° to 86° S. latitude). 

In the Beardmore Glacier area, the Shackleton Expedition brought back evidence 
of erratics up to at least 200 feet above the glacier in many places, while at Mount Hope 
erratics and moraines were found capping the granite top of the mountain at a level 
of no less than 2000 feet above the adjacent glacier ice. Moimt Darwin and Buckley 
Idand, at the top of the Beardmore Glacier, have also been overrun by the Continental 
Ice-sheet. These observations are .confirmed by the dedge parties of the present 
Expedition, 
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(ii) The MoMv/rdo 8(md region. 

This area^ the headquarters in turn of three great Expeditions, has provided a 
wealth of evidence, the conclusions from which may be summarised as follows : — 
(a) The valley glaciers providing the outlets from the Continental-Ice across this 
portion of the horst did, at some comparatively recent time, in portions of their course, 
reach a height, normally of several hundreds, in places, of 1000 to 1600 feet above the 
level of the present surface. (6) Portions of the coast of the Koss Sea, at present free 
from ice and reaching to a height of 1000 feet above sea level, have been invaded by land 
ice having its source on or beyond the main Victoria Land horst. (c) Many headlands 
or nunataks at present standing several hundred feet above the present ice surface 
have been covered by land ice of sufl&cient thickness to cause a definite smoothing of 
their surface. The Mgh-level moraines of this district have been described in detail 
by P. Debenham in a memoir upon the “ Recent Deposits of South Victoria Land.’’* 
He arrives at the conclusion that all the phenomena can be explained by a comparatively 
small increase (600 feet or less) in the thickness of the local ice-sheets, particularly the 
ice-sheet which was the ancestor of the present Koettlitz Glacier. Ho attributes the 
great height above the ice to which the erratics have been forced to banking up against 
obstacles lying in its course, pointing out the fact that, to the south of Miima BlujS, 
for eiMimple, the Ross Barrier at present reaches a height several htmdred feet above 
its normal height where unobstructed. 

While agreeing with his contention that the Ross Barrier wliich is afloat did not 
formerly reach much greater thickness than at present in its main mass, and that, as 
in the case cited, and as still better shown by the flooding of the island behind Pramheim, 
ice will readily climb uphill for considerable distances, the present writers are inclined 
to be rather less conservative about the degree of glacierisation of the Antarctic Continent 
at this Ice-age maximum. The reasons for tliis will be discussed after the other localities 
visited have been referred to. 

(iii) Qrmite Harbour. 

Here, the Western Party found no great evidence of a former higher extension of 
the Mackay Glacier. Mount Suess (Gondola Mountain), which at present stands over 
200 feet above the glacier level, has undoubtedly been completely covered, but Mgh- 
level moraines were not present to any great extent. The inference is that this wide 
outlet valley — ^which is at present only partially occupied by its entrenched ice stream — 
has always been adequate to deal with the outflow from the plateau. It is only where 
outlets are restricted in number and are comparatively narrowt that one would expect 
to find the maximum banking up of the ice in the form of unusually thick outlet 
glaciers. 

* ‘ Britwli Antarctic (“ Terra Nova ”) Expedition, 1910,* “ Natural History. Geology,” vol. 1, 
No. 3, pp. 63-100. Keoent and Local Deposite of MoMurdo Sound Region,” E. Debenham. 

t And where the coastal range of mountaips is highest. 
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(iv) Terra Neva Bay. 

The Northern Party, while in the Terra Nova Bay area, came across similar evidence 
of former great glacieiisation. This evidence has been summarised in the field notes 
of the geologist of the party as follows : — 

" It is noticeable that the heights at which erratics were encountered were 
nowhere so great as in the Ferrar Glacier Valley, on Boss Island, or in the Beardmore 
Glacier area. At the Northern Foothills they were found at a height of 400 feet 
above the present glacier level, and though in other places no measurements were 
taken, I consider it unlikely that this height was greatly exceeded. This can be 
readily accounted for by the fact that great outlets from the plateau occur imme- 
diately to the north and south at a much lower level. "WMle, undoubtedly, the 
volume of ice pouring down the Oampbell and Priestley Glaciers was much increased, 
it is certain that the main outflow would have been, to a greater extent even than 
at present, by way of the Reeves Glacier and its southern neighbours and at Wood 
Bay. 

The direction of the grooves on the summit of Vegetation Island (N. and S.) 
and the grooves and striee on the blufi to the east of the entrance of the Priestley 
Glacier (S.E. and N.W.) suggest that there was no great modification of the present 
drainage fines in this immediate district. What evidence there is tends to the view 
that the greater flow from the Beeves, and perhaps from the Priestley, Glacier 
tended to suppress the Oampbell Glacier and divert the main drainage of the 
Melbourne Ice further northwards.” 

A glance at the map of this area, at the end of the volume, will show that this 
also is a region where an immense extra outflow could be accommodated without any 
great banking up of the outlet glaciers. The strong glaciation of Vegetation Island is, 
however, sufficient proof that the OampbeU-Priestley Confluent-Ice was at least several 

hundred feet thicker than at present and moved seaward with much greater velocity. 

* 

I 

(v) Robertson Bay. 

Perhaps in no place visited by the Expedition was more striking evidence of greater 
extension of the land ice to be seen than at Robertson Bay. Signs of the ice mR-jHimim 
are clearly preserved in the high-level moraines, 1000 feet or more above sea level, 
at the end of the promontory of Cape Adore, while the shape of the end of the cape 
between 800 feet and 1,600 feet is stron^y suggestive of the rounding and abrading 
action of glacier ice moving at considerable speed. Here, also, may be seen dear 
evidence of stages in the recession of the ice to its present limits. The terrace some 
60 to 100 feet above sea level along the back of Ridley Beach may possibly have been 
the lateral moraine of a prehistoric Robertson Bay glacier. A similar, but more 
obviously glacial, accumulation extending some 760 yards beyond the present end of 
the George Newnes Glamer clearly marks another pause in the retreat of the ice. 



The sigmAcance of the high-level moraines on Cape Adare is emphasised when it is 
remembered that they are at present separated by 18 or 20 miles of sea-filled fjord 
from the only glaciers that could possibly be relics of the great ice streams which gave 
rise to them. Also they stand over 1000 feet above sea levd, while the present glaciers 
front the sea as relatively insignificant clifis 50 to 100 feet high. 

It is, indeed, these great empty bays, straits and fjords which are at present occupied 
only by arms of the sea, but which were formerly undoubtedly filled to depths of probably 
one, possibly two or three, thousand feet with ice, which most incline one to take a less 
conservative view of the degree of glaoierisation of the Antarctic Ck>ntinent at this ice 
maximum. Qerlache Channel, McMurdo Sound, Robertson Bay, to name only three 
of them, are all very peitiaent examples. Adequate nourishment for the glaciers which 
formerly occupied and surged along these mighty ohannels demands a much thicker 
sheet of Continental-Ice on the mainland of the Antarctic Continent ; and if this existed, 
it is impossible to imagine that its outward flow was not vastly increased in other 
directions also. 

Were the evidence confined to South Victoria Land only, one might postulate the 
recent diminution as due, not to a decisive decrease in precipitation and accumulation, 
but to the latest movements of the tectonic adjustment which has, in Tertiary times, 
formed the horst, and which may, we believe, have exercised a distinct influence upon 
local desiccation not otherwise easily accounted for. 

If, as seems probable, some of the blocks of the Victoria Land horst aro still, or 
have been quite recently, in motion, such a local rise of the coastal ice-divide may, 
without the intervention of any other factor, accoimt for the local deglacieriaation of 
such regions as the Lister and Sabine areas. Here deglacierisation is most pronounced, 
and here, perhaps by coincidence, more likely as cause and effect, the highest blocks 
of the Victoria Land horst occur. 

It is, at any rate, a possible hypothesis that recent tectonic movements may have 
caused the formation of the marked Dry Valleys of the Ferror and its neighbours and 
of the John Murray Glacier, by cutting off a great measure of the supply from inland. 

It is a striking fact that, in the Robertson Bay and McMurdo Sound areas (and 
possibly the Beardmore Glacier area), where the mountains are particularly high, there 
is clear evidence of a dwindling of the glaciers which flowed into the sea by the shortest 
path, associated with the occurrence of much mightier glaciers running more or less 
parallel to the general trend of the coastline. We believe all these phenomena to bo 
associated with one another. Thus, to take the case of the Ferrar-Koettlitz region, 
the great height of the Lister range may be due to an exceptionally great uplift resulting 
in a cuttuag off of the supply of the Ferrar and Taylor glaciers. This has caused in 
its turn a poverty of alimentation in the area. The overflow from the Continental-Ice 
Sheet has thus been concentrated in the regions to north and south. One result has 
been the enlargement of the Roettlitz Glacier, which rapidly deepened its valley and 
reached an immense thickness. 

When, however, the evidence is widespread from regions so tectonically diverse 
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&s Grftkam TAnil Victoria Laiid, some more general cause of the marked deglaciensa- 
tion which is the most pronounced feature of the recent geological history of the Antarctic 
Continent must be looked for. There must have been a considerable shrinkage of the 
ice-covering which has caused the absolute disappearance of glaciers from many of the 
inlets of the coastline. Such a shrinkage mi^t be expected to be accompanied by a 
diminution in the thickness of the narrower of the great outlet glaciers of the Victoria 
Land horst, which may well have been as much as 1600 feet. In the writers’ opinion, 
glaciers from the Eloettlitz and Newnes and Murray Valleys, forming the drainage of a 
Continental-Ice some hundreds of feet thicker than at present, would be quite sufficient 
to account for the flooding of oonflned bays such as MoMurdo Sound and Robertson 
Bay. On the other hand, we agree with Debenham, that the height of the floating 
ice fringe of the continent may not have been much, if any, greater than at present, 
thou^ in all probability its forward movement would have been much more rapid 
and its edge considerably farther north. Such moraines as those heaped up on the 
slopes of Mount Terror cannot, on this supposition, be explained except through the 
well-demonstrated power, which such swiftly moving sheets would have, of piling up 
to an unusual height against an opposing land mass. Even to-day, at Cape Crozier, 
great waves of pressure show in some degree what can be accomplished through this 
agency. The much greater outward thrust of the Barrier at the time of an ice maximum 
would readily account for the occurrence of erratics and whole moraines a thousand or 
more feet above the present Racier level. 

No evidence whatever has been found of any inter-glacial period between this 
Pleistocene (?) maximuTn and the present day. 

The fact that the large granite, dolerite and basalt erratics — ^in fact, all the rocks 
except the most resistant types — ^tend to be surrounded by dSytis derived from their 
own exfoliation, is proof of a somewhat considerable passage of time, measmed by human 
standards, since they were deposited in their present position. That the recession of 
the ice has probably continued in geologically recent times is, however, indicated by a 
similar tendency to marked frost weathering, which is found in many boulders of the 
more recent moraines of the present glaciers which must have left their original positions 
m sku within historical times. Frost weathering acts incredibly quickly on some types 
of rook ; it has very slow action upon others. Altogether, it seems likely that we are 
now viewing the downgrade of the same glacial cycle which was responsible for the 
production of the high-level moraines. The Robertson Bay evidence is sufficient to 
show that the de^cierisation tak^ place in steps with pauses of some duration in 
between. Signs of any marked amelioration of climate since the Pliocene are, however, 
entirdy wanting. From physiographical evidence alone, it appears safe to conclude 
that no great amelioration of climate took place — ^at any rate, m South Victoria Land — 
in Pleistocene and recent times. 

(6) Baised Beaches, 

Before finally concluding this short review of the evidence on Antarctic climates 
in past ages, some consideration should be given to independent evidence of the recent 

440 



history of the continent as apart from that provided by morames and erratics. Baly* 
has argued that if the Antarctic ice-cap were thickened to the average anLoimt of 
700 feet, an average sinking of sea level to the extent of nearly 20 feet would be 
inevitab e.” He has endeavoured to correlate recent raised beaches all over the world 
with an increase in volume of non-floating glaciers. If we examine the efEect of such an 
Antarctic accumulation of ice on the level of the Antarctic lands themselves, we should 
expoct quite a different effect. Arguing from the principle of the tendency of different 
sectors of the earth to maintain isostatio equilibrium, we should expect the loading of 
the Antarctic Continent with ice hundreds of feet in thickness to be accompanied by a 
depression which would more than counterbalance the opposite effect due to the with- 
drawal of water from the oceans to form icefields on this particular continent. Con- 
versely, we should expect a corresponding elevation during most recent times, while 
the ice-capping was gradually being unloaded and the water was returning to its original 
position in the ocean basins. Evidence of the depression is likely to be lacking or 
clouded by other factors, though there is no doubt of there having been a very con- 
siderable subsidence along South Victoria Land since the formation of the present 
drainage system. Depths such as those opposite the DrygalsH Ice-Tongue could not 
have been excavated with the continent at its present level. All the features of the 
South Victoria Land c^oast are those of a coastiine of submergence. It is quite probable 
that this submergence may be, at least partly, correlated with the overloading of the 
continent with ice, which has taken place since Eocene times.t 

Evidence of the most recent elevation, which should have accompanied the 
de^acierisation which has taken place since the last ice maxim um, might he expected 
to survive to the present day to a oonsiderahle extent. ' "What signs have been found 
of recent raised beaches, apart from the anomalous deposits of marine organisms, 
ocean-bottom material, and mirabilite, which in the opinion of tiie writers have been 
adequately explained by Debenham ? Such evidence is of course somewhat obscured 
by the fact that the great Tertiary tectonic movements, particularly in South Victoria 
Land, may not even yet have ceased. There is, however, both in Gr aham Land and 
South Victoria Land, dear evidence of a recent uplift of a few feet which is of the order 
to be expected, if it is to be correlated with the stripping of the ice capping from the 
continent, 

(a) QraJiam Land. 

At three localities at or near Graham Land, Gunnar Andersson reports distinct 
evidence of recent emergence of the land. At Hope Bay, rounded pebbles are found 
at some distance above the present shoreline, and he considers that similax evidence 
of a yet further landward extension of the beach has been obliterated by the subsequent 
action of frost. At Cookbum Island, raised terraces exist up to 26 feet above sea level. 
At the Naze, in Sidney Herbert Sound, he records the existence of a bed of stratified 

* * Geol. Mag./ 1920, p. 260. . . . „ . .i. 

t Beoont changes in level in South Victoria Land will be diBCUBsed m the Menioii on e 

PHyaiogeaphy of the * Bobertaon Bay and Terra Nova Bay Areas, ^ ” by B. B. Pnestley. 



clay 3 to 7 feet in thickness containing numerous marine organisms. An examination 
of the fauna causes its discoverer to come to the conclusion that the beach represents 
a recent elevation of at least 130 feet (40 metres). His description suggests a deposit 
in which floating ice played a large part, though the presence of a large gastropod, 
specimens of which were not secured, have led him to suggest the possibility that a 
milder dimate than the present prevailed in Graham Land at the time. Quite large 
gastropods occur at the present time ofl the coast of South Victoria Land, however, 
and, in the absence of any dimensions of the one seen by him, the ice-bome boulders 
must be considered the dominant evidence of dimate in this case. The possibility of 
this deposit being of the type attributed by Debeiiham to an entirely different cause 
must be borne in mind, but may, we think, be tentativdy ruled out because of the 
th ickness of the terrigenous portion of the bed. If it is a true raised beach, recent 
devation up to 13 feet above sea level (the height of the bed) is proved. Hypothesis, 
based on the range of marine fauna contained m the beds, gives 130 feet as an outside 
limit, but it is extremely probable that the true figure is considerably less than this.* 
The stratified and uncontorted nature of the clay is strongly in favour of its having 
been laid down in situ. 

(6) South Victoria La/nd. 

Evidences of raised beaches in South Victoria Land are few and far between, but 
it should be remembered that by far the greater portion of the coast is ice-swathed. 
Also the presence of this ice, or even more ice, since the time when emergence set in 
would effectually prevent any coastal marine deposits, or even physiographical forms 
due to coastal marine erosion, from being formed except in peculiarly favourable 
localitieB. 

In four regions along the 600 miles between McMurdo Sound and Kobertson Bay 
beaches of some extent have been observed, and, in at least two of these, the position 

of the beach and other evidence as well clearly indicates a certain fall in sea level relative 
to the land. 

(i) At the seaward end of the Dry Valley of the Taylor Glacier, one of the writers 
found a gradually sloping beach, in which numerous shells of Pecten Colbecki 
and Anatina elliptica and of Lima, together with other organic remains, 
such as the legs of Decapods and other Crustacea, were embedded in con- 
siderable numbers up to 30 or 40 feet above sea level at least. The greater 
portion of the immediate surface deposit at this spot consisted of fine silt 
distributed by the thaw-water of the streams from glaciers further up the 
valley. Where these streams had out down a few inches into the Tnfl.TiT}ft 
depositB of the beach, however, the fragments of marine organisms were 
numerous, and there can be no doubt at all that here, at the entrance to the 
Taylor Valley, a true recent elevation of the land has taken place. That 

* organiflmB of the present-day fauna have been found at certain depths only. From these 

facts an esthnate of elevation may be made, but is not too reliable. 
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the elevation is a recent one was proved, botli by the condition of the remains 
of some of the more easily decomposable organisms and by the similarity 
of the &mna to that at present inhabiting the shores of the Sound. The 
very existence of the marine organisms at this spot is proof that the elevation 
post-dates the latter stages of the retreat of the Taylor G lacier which formerly 
must have flooded the valley to a thickness of many hundreds of feet 
with ice. 

(ii) !Further up the coast at Cape Bernacdu, terraces occur which are strongly 

indicative of wave action and a recent emergence above the sea, while Dunlop 
Island a few miles further north appears to owe its existence above sea 
level to the some general elevation of the coastline. 

(iii) A definite raised beach has been reported from Granite Harbour by Grifilth 

Taylor, and is described by him in the Physiographical memoir. The 
elevation is of the same order as that inferred from the evidence described 
here in cases (i), (ii), (iv) and (v). 

(iv) At Terra Nova Bay was seen the second example of a beach up to 80 feet 

above sea level. Here, recent emergence from the sea was proved by the 
absence of exfoliation on the granite boulders composing it. As at Hope 
Bay, the estimate is a conservative one, for the signs of wave action upon 
the higher boulders which were first exposed has been obliterated by the 
quick frost action most characteristic of the region. If further evidence 
of the emergence than the shape of the boulders is required, it is forthcoming 
in the occurrence on the beach of one or two boxilders of kenyto, which 
could only have been brought from the McMurdo Soimd area by free floating 
ice. No such rocks are to be found on any of the moraines of iJie hinterland, 
and it is practically certain that kenyto m situ does not exist in this area 
at all. The rock has only been found on the raised beach itself. The 
foreshore behind the beach is strewn with erratics derived from the ranges 
behind, and this again limits the age of the beach to the period subseqiiont 
to the last recession of the ice. 

(v) The shingle beach at Cape Adore again affords evidence which, though 

unconvincing, adds some weight to the testimony in favour of the supposition 
of a small recent uplift. Though the beach could perhaps all have been 
formed at its present level in a milder climate, it is extremely unlikely that 
it was so formed under the present climatic conditions. The height of the 
rearward portions suggests a recent uplift of some few feet, and this is borne 
out by the presence of oaves with exposed floors in the small bays which 
line the west coast of Bobertson Bay. 

Altogether, the existence of slight uplift in recent times all along the coast of South 
Victoria Land is we think proved. It is only reasonable that we should correlate this 
uplift with the moat likely causative factor. The regions of uplift are not coincident 
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in area with the highest blocks of the faulted coastline, and, therefore, it appears likely 
that they cannot be adequately accounted for by recent block faulting or tilting move- 
ments. They are better coupled with the decrease in the thickness of the Continental- 
Ice with consequent readjustment of isostatic equilibrium common to the whole region. 
Along the greater portion of the coastline such a readjustment would necessarily leave 
no trace whatever.* 

In using the Graham Land occurrence in support of his theory of world-wide shrinkage 
of oceans, in response to the formation of sheets of Continental-Ice, it appears to the 
writers that Daly has overlooked the phenomena peculiar to the loaded land masses 
as opposed to those unafEected by the ice accumulation. It appears to us much more 
likely to be part of a compensatory movement to counterbalance the undoubted 
deglacierisation which has taken place since Pleistocene times, than the result of a 
general lowering of sea level. The latter is a plausible, in fact it appears to be an 
inevitable, result of extraordinary glacieiisation, but its local effects on the continents 
immediately affected by the ice-flood must, we think, be more than ooimterbalanoed by 
the response to overloading. 

I 

Summary. 

When reading recent papers on the climates of geological time, the writers have 
been particularly struck by the amount of evidence — particularly palmobotanical 
evidence — ^which has been adduced to show that zonal climate has probably been the 
exception rather than the rule in past geological ages. 

Assuming that there has been no great wandering of the poles, it is to be expected 
that, in the Polar regions, the frigid phase of this zonal climate would leave evidence 
far transcending in degree that which might be expected from any oblier region of the 
earth. This is a fact which should be tnie with most of the main theories brought 
forward to account for the occurrence of glacial periods. In Table XIX, we show in 
tabular form that portion of the geological record, deposits belonging to which exist 
on or about the Antarctic Continent, together with a summary of the deductions 
regarding its chmates we have been able to make from the sediments and the flora 
and fauna which they contain. The result, incomplete as the record is, is eloquent of 
the fact that, to all appearance, glaoidl condMons ham been the eonception and not the 
rule in Anta/rctica, 

No evidence yet exists of either a Proterozoic or a Cambrian glaciation, though 
it must be admitted that the record is so incomplete that only very tentative conclusions 
can be drawn. Permo-Carboniferous glaciation in Australia, South Africa and India 
appears to be represented in the Antarctic only by a desert — possibly semi-frigid — 
climate with its appropriate deposits. Side by side with these desert sandstones, and 
intercalated with the arid periods and areas, we must recognise a widespread climate 
suitable for the development of a flora which gave rise by its decomposition to con- 
siderable beds of coal. Indeed, in those days, it appears that the Antarctic climate 

* J. M. Woirdie dauns that the oontiiLexital shelf is arranged in temaoes. 
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Table XIX. 


Gkologioal Time Table. 


Biitisb. 


Amerioau. 


Banell’s 

estimate of Glacial 
duration Peri- 
of ods. 
Period. 


Millious 

of 

years. 


Recent ... Recent 


Pleistocene... Pleistocene 


:} 


1--1*6 Yea 


Pliocene ... Pliocene ... 0-7*5 
Miocene ... Miocene ... 12-14 
Oligooene ... Oligocenc ... 10 


Eocene ... Eocene ... 20-26 


Oretaoeous ... Oretaoeoua... 40-4>0 

Oomancliean 25-35 

Jurassic ... Jurassic ... 35-45 

Rhsetic Triassio ... 25-40 

Triassic 

Permian Permian . . . 25-40 

(Australian 
Permo-Car- 
boniferous) 

Carboniferous Pennsylva- 36-50 

niau 

MissiBsippiaii 45-50 

Devonian ... Devonian ... 60 

Silurian ... Silurian ... 40 

Ordovician... Ordovician 90-130" 


Cambrian ... Cambrian ... 


Xawoena- 

wan 

Animikian 


Pre-Cam- 

brian 


Huronian 

Xeewatin 

Coutobiobian^ 



(In terms of 
Modem Zonal 
Climate.) 



Antarctio Deposits. 


Climates indicated. 


Tbe Naze raised beaob, 
Giabam Land 

Maximum oxtension of ice 

Pecteu oonglomoiato of 
Cookbum I^nd 

Limestones of Campbell 
Island 

Voloanio Glaoial Agglomerates 

Tertiary Beds of Seymour 
Island 

Moraine-liko deposits of Qxa- 
bam Land (9) 

Sandstones and abales of 
Soymour and Snow Hill 
Island 


Prigid ...^ 

Frigid ... 

Frigid 

Tertiary 

Temp6rate(?) >Antarotio 

loo-Age. 

Fri^d 
Sub-tropical 
to temperate 
First ^aoia- 
tion m ^ 

Temperate to warm tem- 
perate. 


Slates and groywack6s of Sub-trox)ioal to worm 
Hope Bay temporato. 


Yes 


Beacon Sandstone... 


Temperate to bot or cold 
desert. No definite evi- 
dence of glaoial condi- 
tions, tbougli strong 
evidence of seasonal 
climate. 


SbaLos of Granite Harbour... Temperate (?). 

Slates and gr6ywaok68 of (?). 

S. Orkneys 


70-110 (9) Yob Arcbesocyatbina Limestones Warm temperate to tro- 

y pioal. 


Yes 


Marbles of New Harbour. Wann temperate. (9)ln- 
Slate-grewaok6 of !l^- dication of hot or cold 
bertson Bay. Giapbito desert conditions at 
sobistB of Terra Nova Robertson Bay. 

Bay. Schists and gneis- 
ses 
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was Buffioieixily salubrious to be the chosen home of a hardy flora which spread outwards 
to conquer the greater portion of the earth. 

Now follows the mild almost tropical climate of the Jurassic Period, with its flora 
resembling the contemporaneous flora of Yorkshire at a time when the climate must 
have been much more genial than that of the present day. 

Approximate uniformity appears to be the characteristic of the Jurassic flora 
from Pole to Pole and right round the earth, and the Antarctic continent was no 
exception to the rule. In the Cretaceous period, a general cooling does appear to 
set in. At first, frequent setbacks lead to considerable rises in the mean temperature, 
with long periods of temperate to subtropical climate. Little or nothing is known of 
the Antarctic climate during Eocene times. 

In the upper Oligocene and lower Miocene, once more a temperate to subtropical 
flora holds sway over some portion of the Antarctic Continent. Towards the end of the 
Oligocene, the great tectonic disturbances took the outward form of cataclysmic 
eruptions, burying a great portion of the Antarctic Coastline beneath showers of dibris 
of all sizes and ifliapes. Great outpourings of lava failed to have more than a temporary 
and strictly local effect on the continental temperature. How far, indeed, may the 
explosive eruptions of the Antarctic have contributed their quota to that veil of fine 
volcanic dust in the outer atmosphere to which is attributed by some scientists the 
general earth cooling which had its culmination in the Pleistocene Ice-age of world- 
wide extent ? This is a question which we reserve for the more general discussion of 
the cause of glacial periods forming the second part of this chapter. 

Already in Miocene times, the rapidly accumulatiug volcanic agglomerates and 
tuffs, both subaerial and submarine, were commencing to entomb the erratics which 
are the visible sign of the great cold forces which fought successfully against the local 
rise of temperature induced by the welling forth of lava flows. It is difficult to imagine 
the inferno of desolation which must have marked the battlefield of such gigantic forces. 
Certainly, the remains of the land flora and &una of the continent must have disappeared 
amidst conditions closely approximating to, or even surpassing, the mediseval ideas 
of hell. 

■ 

The question as to how far local or general ameliorations of climatic conditions 
took place in the middle days of this great Tertiary Antarctic Ice-age is not soluble with 
our present meagre knowledge. When, however, we approach nearer to recent history, we 
have reason to believe that, in the high level moraines of the Antarctic mainland and in 
the ice-gouged valleys of the sub-Antarctic islands, we are viewing the remaining evidence 
of the culmination of the Antarctic ice-floods which have since been slowly dwindling in 
size. Whether the Antarctic is approaching yet another interglacial period, or whether 
another long spell of quiescence is at last drawing near, we cannot say. Analogy with 
the be g i nning of the Ice-age with its dimatic variations would suggest the possibility 
of yet another pulsation before the normal condition is reached. The earth is getting 
older and possibly, as Elnowlbon advocates,'*' the days of uniform climates have passed 
• " Evolution of Geologujal COimates,” E. H. Knowlton, ‘ BuU, Geol. ^o. Am.,’ 1919. 
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with the passiug of an unbroken oloud envelope from the atmosphere of the globe. 
All these are matters of speculation beyond the scope of the present section^ which is 
concerned with the reconstruction of the Antarctic past from evidences existing in 
the present. There appears to be a strong case for the contention that a warm or 
temperate climate in the Antarctic has been the normal situation, broken once 
and again by lapses to a frigid climate which may have been brought about 
by any combination of a dozen causes, some of which are discussed in the following 
pages. 

Enowlton’s universal oloud envelope does not appear to be consistent 
with the freq^uent recurrence, both of Ice-ages, and of the desert climateB with great 
temperature range, which appear to be the only possible agents to account for the 
strong evidences of mechanical weathering which recur again and again iii the Antarctic 
record. Such climates appear to require the free outward radiation only consistent 
with a comparatively cloudless sky. 


II. 

In the first section of this chapter, has been discussed that evidence bearing 
upon the past climatic conditions in the Antarctic which can be leaned from a 
study of the geological records of the rocks. The evidence, however incomplete, 
points to the fact that an explanation is required, not so much for the occurrence 
of previous glacial periods, as for the occurrence of periods when the polar continent 
was surrounded by warmer seas and was capable of supporting the growth of a 
heat-loving flora. 

Before discussing the major long period fluctuations in climate evidenced by the 
geological record, it seems desirable to consider those variations which have occurred 
within historical times. The first part of this section wiU, therefore, deal with 
comparatively recent fluctuations in the degree of ^acierisation, pnmanly in the 
Antarctic, and the corresponding variations in climate ; the present climatic conditions 
of the Antarctic ; and the evidence for the inter-relation of temperature, climate and 
other physical variables. The final portion of the chapter will discuss the theories 
which have been proposed as the cause of these variations. 

I. GliAOIElBISATlON IN RbOBNT TIMBS. 

The most complete data regarding the variations in the degree of glaoierisation are, 
naturally, those relating to Europe, and an excellent statement of our present knowledge 
is given by C. E. P. Brooks.* Brooks deals with the period subsequent to about 26000 
B.O., traces the retreat of the glaciers of Northern Europe from that dafce, when 
Scandinavia was swamped by ice somewhat as the Antarctic Oontinent is now. This 
retreat was not, however, a continuous one, prolonged halts being indicated by the 
formation of large terminal moraines at times when the ice front remained stationary or 

* * Quart. JoTun. Roy. Met. Soo.,* vol. 47, July, 1921. 
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neajrly so. In the Alps, the glaciers also retreated, and here also the general tendency 
to retreat been complicated by the superposition of minor variations. 

The reconstruction given by Brooks is largely based on the work of G*. de Geer.* 
In Scandinavia, the fliTilnTig of the land and the retreat of the ice edge were associated, 
and the time occupied in the retreat of the ice margin across the Baltic was about 8000 
yestrs. Thus, the edge lay on the southern shores of Sweden at about 10000 B.o. The 
retreat was stemmed, however, for some 200 years at about 8000 b.o., and the retreat 
then continued until 5000 B.o., when it was again stayed at Bagunda. The ice covering 
on Scandinavia had disappeared by 4000 B.O. 

In the Alps, meanwhile, there were probably corresponding movements of retreat 
and temporary advance, the two latter of which seem to have been about 8000 B.o. and 
6000 B.o. Brooks calculates that the elevation of land in the Alps, at the time of the 
last great glacial extension (about 26000 B.o.), was insufl5.oient to account for the decrease 
of temperature necessary to lower the snow-line by the observed amount, and considers 
this resulted directly from the cooUng efEect of the contemporaneous sheet of 
Oontinental-Ice centred about Scandinavia. 

A diagram in Brooks’s paper, gives the supposed relationship between the extent 
of the Scandinavian ice-sheet and the position of the Alpine snow-line after 20000 b.o. 

The changes experienced in North America clearly show that the retreat of the 
Continental-Ice was not a gradual one, but that, here also, there were irregularities in 
the retreat of the ice, which were probably not contemporaneous with those experienced 
in Northern Europe. 

Brooks is clearly of opinion that the ice conditions are closely correlated with changes 
in geographical environment, and particularly with vertical movements, and that the 
irregularities in the rate of retreat are chiefly due to variations in height of the land 
masses. 

Erom all regions, in fact, the evidence seems to show that the degree of glacierisatioii 
has decreased since 26000 B.a. Minor fluctuations have occurred and are occurring, 
but the present general tendency seems to be towards a continuance of the process of 
degilacierisation. 

When we turn to the Antarctic, we see that there has been a similar tendency to 
deglacierisation. The evidence here is overwhelming and has already been given. As 
in the northern hemisphere, there appear to have been minor fluctuations in the rate of 
retreat, the best evidence for which is the occurrence of definite lateral moraines, as at 
Gape Adare, which must have corresponded in time with a cessation of the process of 
deglacierisation. The presence of many honzontal lying silt bands and blue bands, 
and the frequent occurrence of unconEormities in the body of Antarctio glaciers, 
is equally evidence of changes in the amount of permanent snowfall, as pointed 
out dsewhere. Unfortunately, there are no data which mi^t enable one accurately 
to calculate the date of the last maximum of glaoiecisation in the Antarctic, or the 
dates of the minor maxima and minima. It can hardly be doubted, however, that 

* * Ber. Internal. Gkokgenkongr.,’ Btooldiolni, 1910. 
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the deglacierisation in the Antarctic has, roughly speaking, kept pace 'with that in the 
North Polar area. 

When we consider the yaiiations which have been observed in the Antarctic in 
historical times, or which can be inferred, it is necessary to remember that the seaborne 
glaciers and 'the Land- Ice formations will not necessarily decrease or increase in unison, 
since the chief forces of denudation are diSerent in the two cases, while the conditions of 
precipitation may also diSer widely. 

Clearly, also, an estimate of the trend and fluctuations in the degree of glacierisation 
of the Antarctic Continent must take due account of the fact that adjacent areas, at the 
present day, sometimes show the most e^diraordinary diSerences. Examples of this 
diSerentiation have already been given, such as the difference between the east and west 
sides of Robertson Bay and the difference between the Butter Point Piedmon'b-Ice and 
the Dry Valley area, only a few miles further north. Even in Dry Valley itself, indeed, 
there is a clear differentiation between the degree of glacierisation within the valley and 
on the uplands bordering the valley, as is evidenced by the present extension of small 
glaciers such as the Suess, the Canada and the Commonwealth Grkciers, into the dry 
bed of the once mighty Taylor Glacier. 

As will be seen later, -the diversity of successive seasons is also such as to render 
it even more difficult to obtain a just appreciation of the course of recent events, but 
a circumstance which makes such an appreciation more easy is the undoubted fact that 
large ice-formations will generally show only the general trend of the glacierisation, 
while small glaciers of local extent and small size, including glaciers of the snowdrift 
type, will indicate the short-period variations with which we are now concerned. Clearly, 
under present Antarctic conditions, any evidence for a decrease in glacierisation in such 
small glaciers, will be best shown by a retreat of the Racier face, while evidence for an 
increase of glacierisation 'will be most clearly shown on the surface of the glacier, or in a 
vertical section of the glacier. 

South Victoria Land is likely to afford by far the most satisfactory evidence, since 
it has been under direct observation since 1840, and an examination of the records of the 
Expeditions at once shows definite indications of a measurable decrease of the ice covering 
of this portion of the Antarctic mainland, which has taken place within this short space of 
time. 

(а) The early accounts of Ross Island in 1841, when compared with those of the 
recent Expeditions, certainly suggest a considerable dwindling of the local ice-caps of the 
volcanic peaks which form the liigh land upon it. This might perhaps plausibly be 
attributed to imusual snowfall and calm weather before Ross’s advent. Taken in 
conjunction with the other proofs that follow, however, it is more likely to be a correct 
indication of decreasing glaoierisation in the present. 

(б) Ross, when sailing along the Ross Barrier in the “ Erebus,” charted the 
position of i'ts seaward cliff. This ice formation has retreated an average of some 
26 miles between that date and the Discovery ” Expedition, when it was carefully 
re^charted in 1902. Since that date, other slight al'terati.ons in the face have taken 
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place, and these are shown in the chart of the Ross Barrier included with this memoir. 
(Map 11.) 

(c) The ice of the various Piedmont-Ice sheets, along the coast between Mount 
Discovery and Mount Melbourne, is undoubtedly in retreat. In 1902, while sailing along 
the coast, Scott charted Dep6t Island as connected with the mainland by Piedmont- 
Ice. In 1908, David found this and a nei^bouring island behind it to be surrounded 
by sea ice. On the same journey in 1908, David and Mawson charted the point called 
by them Gregory Point as a cape. In 1912, the Northern Party of the Scott Bs^edition 
found this point to be an island separated from the mainland by a strait of sea ice. Tnpp 
Island was also charted by the Magnetic Pole Party of the ShacMeton Expedition in 
1 908, as lying close to the Piedmont-Ice ; in 1912, it was farther removed. 

Some of these alterations might conceivably be due to errors of observation, but 
this cannot be the case in all. There appears to be no doubt that, all along this coast, 
the coastal fringe of land-ice is breaking back, in places some hundreds of feet in a 
year, though the average retreat must be much less. It would be interesting to know 
how far a similar retreat of the coastal fringe of land-ice ofE Wilkes and Ad61ie Land 
is responsible for the discrepancies found between the accounts of the earlier and the 
later explorers. 

(d) The breaking back of the Erebus Bay Ice-Tongue (Glacier Tongue) in McMurdo 
Sound may be another indication of the same progressive tendency towards de^acierisa- 
tion, but judgment on this point is best suspended until further observations have shown 
whether or not this loss is made good in the immediate future by the advance of the 
tongue. 

The above evidence refers to variations in the aspect of large ice-formations, and 
seems to be conclusive proof that : — 

(1) The deglacierisation of the Antarctic Continent is still in progress, apart from 

minor fluctuations, which will not be evidenced in ice-formations of this 
size. 

(2) The deglacierisation of the seaborne ice-formations has proceeded at a much 

quicker rate. This can only be due to an increase in the sea temperature. 

Evidence of short period fluctuations, obtained from the examination of small ice- 
formations, is much less clear. Such evidence is, naturally, best shown in the small 
masses of Snowdrift-Ice which have little or no movement, since the result of movement 
may be to carry a portion of a glacier from an area where denudation exceeds deposition, 
into an area where the reverse is true. Such contrasted results often obtain side by side 
on the same glacier, due to the excessive deposition of drift snow on the lee side of all 
the higher portions of the glacier surface. Many of the unconformable deposits of snow, 
or nfev6, upon layers of true ice on such glaciers can be traced to such causes, as is the 
case on the Bame Glacier, whose terminal face is definitely in retreat. The latter is also 
true of the s m a l l glaciers examined on the western side of McMuido Sound, which line 
the left bank of the Eoettlitz Glacier. On the other hand, some of the small glaciers 
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on the sides of the Taylor Dry Valley do not show definite evidence of retreat on their 
terminal faces. Further north, along the same coast, the evidence of such glaciers 
sometimes indicates a process of retreat, sometimes not. 

It is when we come to examine vertical sections of such small glaciers that one is 
struck with the fact that many of the nearly horizontal silt bands and blue bands cannot 
be adequately explained, except by the assumption that there have been definite fluctua- 
tions in the amount of the difierence — deposition less denudation. As explained in 
another chapter, a period of unusual warmth with much formation of water wiU result 
in the formation of bubble-free ice on the glacier surface, and the vertical distance between 
two such bands of clear ice will represent the residual permanent deposit between two 
such periods. To some extent, the same is true of certain of the sUt-bands. Un- 
fortunately, it is not possible to draw any deductions regarding the periodicity of the 
climatic fluctuations causing these results, without more detailed observations than have 
been made by us. We would, however, suggest the importance of making such detailed 
observations, and, particularly, of attempting to measure the radioactivity of the ice in 
a vertical ice section at a large number of depths. Observations of this natiuro might 
well yield results of considerable importance. 

Our own observations, it is clear, do not give definite evidence of anything exi^ept 
the occurrenoe of short-period fluctuations in tlie permanent deposit, and do not enable 
us to say whether these fluctuations arc of constant periodicity, or not. Neither do they 
enable us to add anything definite as to the present tendency, whether towards dc- 
glacierisation, or the reverse. 

The evidence from an examination of small snowdrifts is, liowover, precise in the 
following respect. It has already been pointed out that the permanent drifts formed in 
the lee of small projections very quickly grow to their full diinonsions in the stormy 
winter season, and it may be taken as certain that, each winter, those small snow-drifts 
will grow to their maximum size, in conditions which approximate at all closely to those 
obtaining at the present day. The presence of silt-bands low down in the ice of such a 
snowdrift can only then be explained as the result of periods when denudation was 
greater than at present. In the case of the drift at Gape Evans, in which the magnetic 
and pendulum oaves were excavated, the occurrence of penguin feathers close to and on 
the ground is proof positive of the prevalence of such conditions in the not far-distant 
past. The evidence which is available does not, however, enable us to say definitely 
that denudation in the summer months is now decreasing, though there is every 
probability that this is the case, nor does it tell us anything whatever regarding the 
tendency to increase of deposition, or the reverse. 


On the whole, the evidence suggests that, ait the present time, the sea is becoming 
warmer ; the denudation is probably becoming loss iw ihe sun/ymer months i and the 
annual value of deposition less denudation on Land Ice-formations is decreasing, in 
South Victoria Land. It is not possible to separate the short period fluctuations from 
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the general trend towards de^cierisation, which is presumably stiU effective and which 

operates over the whole Antaroiao Continent. 

It should be pointed out that, if Debenham has given the correct explanation* 
for the occurrence of icebome deposits of sponges, shells and mirabxlite, this is evidence 
of a colder sea temperature some time in the recent past, at which time the sea tem- 
perature was sufficiently low to permit significant amounts of ice to be formed from the 
sea water an d to be added permanently to the under surface of floating ice in certain 
favoured localities. 

On his es^^lanation, the occurrence of the deposits on a floating ice-sheet such as 
the seaward end of the Koettlitz Glacier demands a nicely balanced relation (after their 
first inclusion in the body of the ice) between the denudation of the upper surface, 
which undoubtedly obtains at present, and the denudation at the ice-water interface 
which is also undoubtedly taking place to-day. If the latter action were too quick, 
or the former too dow, the deposit would necessarily appear, not at the upper surface, 
but at the lower. 


2. OLDiATl! IN HlSTOmOAIi TbIES. 

When we come to consider the climatic conditions of Europe which were associated 
with the retreat of the last great contiaental ice-sheet over Scandinavia, we are forced 
to agree with Brooks that these were, at any point, largely governed by the distance 
from the ice-sheet and from the glacial ” anticyclone formed over it. A further 
complication is, however, introduced in North Europe by the supposed variations in 
hei^t which dosed and opened the Baltic to the waters of the neighbouring seas. 

These variations in height have continued, moreover, since the Continental-Ice 
disappeared. Brooks correlates the rise of Denmark and the closing of this outlet of 
the Baltic with the inception of the “ Continental Phase ** about 6000 B.O., when the 
variation of temperature between summer and winter was large and the diinatc was of 
continental type. This was followed by the Maritime Phase ” in 4000 jj.o., due to 
the reopening of the Baltic to the waters of the North Sea, which was associated with low 
annual temperature range and an increase in rainfall. 

By 3000 B.o. an elevation had taken place, resulting in the initiation of drier con- 
ditions — ^the “ Forest Phase.” 

By 1000 B.C., the c hin a te had become more humid and extensive peat beds were 
laid down at this time. According to Huntington,'!' climate of California was also 
moister between 1000 b.o. and a.d. 200, and this may also be true for the countries 
bordering the Mediterranean between 400 b.o. and a.d. 200. 

This ** peat-bog phase ” is considered to terminate about a.d. 300. Since that 
time, conditions in Europe have been generally as at present, but there is evidence of 
colder winters than at present in the n i nth , to the thirteenth centuries, when the Baltic 
froze in winter. At the same time, there seems to have been a greater rainfall during 

♦ Loo, ok, 

t Oamepe Institution, 1914. 
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this period in Arabia and North Africa. Since 1325, the height of water in Lake Mexico 
has generally dedined, and there seems every possibility that this desiccation in low 
latitudes is more or less general, and is associated with the decrease in the ice masses 
in high latitudes. 

No information regarding the recent climate in the Antarctic is available, 
except the very indirect evidence, already quoted, which is derived from gladological 
investigations. 

The most valuable evidence is clearly that of the decrease in ’extent of the Ross 
Barrier, which can only be adequately explained on the view that the Ross Sea 
temperature has been rising. This does not, however, mean that the air temperature 
has necessarily also risen. The increase is probably due to a greater interchange of 
water between high and low latitudes. It is, however, quite possible that the increase 
in sea temperature, if due to increased interchange of sea water, would be associated 
with increased Antarctic air temperature due to increased exchange of air between the 
Antarctic Continent and lower latitudes. No evidence is, however, available on 
this point. 

It is clear, in fact, that such evidence as is available regarding the variations of 
climate in difEerent parts of the earth, points to the fact that this is dependent very 
largely upon local factors, and also upon the geographical conditions in the whole 
hemisphere. 

3. The Pjresbnt Climate oe the Aotabotio, 

In preceding chapters, it has been made clear that the climate of the Antarctic 
varies greatly from year to year and from place to place. In large part, the variations 
from place to place can clearly be traced as due to special topography, modifying the 
general Antarctic conditions. The large variations in climate from year to year are, 
however, less easy of explanation, but must, we think, be associated chiefly with the 
distribution of ice and water on the fringe of the continent. The differences which have 
been observed in different years, clearly owe their origin to variations wMch are of a 
catastrophic nature. Thus, the great difference between the winter of 1912 and previous 
winters, in MoMurdo Sound, in the temperature and mean wind velocity, was almost 
certainly associated with the absence of sea ice during 1912. Normally the sea of 
McMuxdo Sound freezes early in the spring and, at first sight, we would be tempted to 
say that the probability of this strait becoming covered with Past-Ice would be greater, 
the later in the season it remained open. This is not the case, however. Unless the 
Sound freezes early, before the advent of winter establishes the large horizontal 
temperature gradient between sea and land ice, the high winds caused by this 
temperature gradient favour rather the retention of existing conditions and are strongly 
against the freezing of the Sound late in the winter. We see, therefore, that the climatic 
conditions of the autumn months — ^March and April — are, in MoMurdo Sound, those 
which decide the winter conditions in this region. It is oircunoLStances of similar nature 
which cause the large differences between the climate in any one region, from one year 
to another. 
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Tlie actual meteorological data relating to tlie climate of tlie Antarctic, so far as 
known, are given by Simpson*, and tlie reader is referred to the meteorological volumes 
of the Espedition for this detailed information. 

Taking the Antarctic Continent as a whole, and aUowing, so far as possible, for 
the variabihty of the climate from year to year and from place to place, it seems clear 
that one can designate the prime cause of the present Antarctic climate, to be the 
“ ^cial ” anti-cydone which lies everywhere on and over the continent, and which is 
dearly associated with the hi^ elevated dome of ice which swamps the topographical 
features of by far the greater portion of the land. 

There is a general outflow of air from the interior of the continent with an easterly 
component due to the earth^s rotation, and the wind generally tends to flow down the 
line of greatest dope at each pomt. 

Whether Hobbs is correct in stating that the air circulation results from the cooling 
of the air in contact with the devated snow surface, or whether our contention is correct 
that the cause of the circulation lies in the horizontal temperature gradient at the edge 
of the continent, and that the elevated dome of ice and snow results therefrom, is of 
no importance to the present argument. Whatever may be the prime cause of the 
outward blowing winds from devated snow surfaces such as Greenland and the Antarctic, 
one can hardly doubt that this cause is assodated with the properties of a snow surface, 
such as low thermal capacity and conductivity, and high reflecting power, and that 
the circulation on such a snow-covered mass is greatly diSerent from that which would 
obtain over a land mass of equal height and size which is not swamped with snow. 

One is in fact led to the conclusion that the initiation of a complete snow covering 
on a previously bare devated landmass will profoundly modify the existing air circula- 
tion, so as to cause a circulation leading to the formation of a dome-shaped covering 
such as that observed.f 

This devated snow-covered dome receives, in winter, no direct radiation from the 
sun while, in summer, the radiation received is very considerable but does not vary 
largely during the course of 24 hours in hi^ latitudes. On the other hand, radiation 
from the earth is very great, partly owing to the poverty of water vapour in the cold 
atmosphere over the elevated continent. 

The low thermal conductivity, low speciflc heat (in comparison with water) and 
the high coe£B.dent of reflection together make for large temperature variations of the 
snow surfrce and the air in contact with it, as the radiation from the sun varies during 
the day in spring and autumn. So pronounced is this eflect that the curve representing 
the march of the mean daily temperature throughout the seasons lags almost 
inappreciably behind the curve representing the variation in radiation from the sun, 
while the maxiTniTm daily temperature range is comparable with that observed at 
continental stations near the Equator, notwithstanding the much greater diSerence 

• ‘ Bdti^ Antaroido {“ Terra Nova ”) Expedition,’ “ Meteortiogy,” voL 1. 

t As pomted. ont tefore, the prohability exists that the inoreased 'wind velocity and low percentage 

hiiniidity associated with excessive snow slopes is the cause of the ioy covering of the upper portion of the 
steeper gladerB. . ^ 
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between the maxiinum and miniimim zenith distance of the sun during the day in the 
two cases. 

Rough estimates of the amount of yearly precipitation and denudation have already 
been made in previous Chapters. Both are small in amount. The factor — precipitation 
less evaporation — seems to be very small but positive on the top of the plateau ; to be 
negative on the great valley glaciers leading up to the plateau, except in the lower 
reaches ; to be again positive but of small amount on such ice formations as the Eoss 
Barrier,* which lies nearly at sea level. There is some evidence that the precipitation 
is greater at lower latitudes, where the denudation is also greater, and this is certainly 
the case over and near the open sea, as is evidenced by the comparatively heavy snowfall 
observed on Pack Ice formed in the open sea. 

A distinction must clearly be drawn between suiomer and winter conditions in the 
Antarctic. When it is remembered, that the radiation received and emitted by the 
earth in high latitudes varies little during the whole 24 hours, except in the spring 
and autumn months, it is clear that some such distinction should be drawn. In 
the winter months, radiation from the sun is inappreciable, while radiation from 
the earth is apparently very intense. Winter is therefore, the type of an extreme 
condition such as would obtain when the earth’s atmosphere was extremely dusty, whiLe 
summer conditions are those which approximate most dosely to conditions of little 
atmospheric absorption of the sun’s rays. The radiation contrast between pole and 
equator is least in summer and greatest in winter. This, in itself, might suggest that 
winter, the stormier season, should have the greatest snowfall, whereas the reverse 
is true. The higher temperature associated with the Antarctic summer results in 
greater snowfall in that season while, at the same time, it causes better " packing ” 
of the snow, so that the less intense winds are not so efiEective, in sweeping the snow 

from its position, as in the colder months. 

One other point, which is discussed in greater detail elsewhere, is that liigh tem- 
perature and high wind velocity are very generally associated in the Antarctic. The 
reason for this circumstance has been given by Simpson.f One need only say that this 
association is generally true in all localities and in difEerent years, provided that the 
same seasons are chosen for comparison in each case. The reason for this restriction 
is the fact that winter and summer climatic conditions are governed by totally 
different factors, the winter being by far the stormier season, at least at the edge of the 
continent. 

The relation between climate and the degree of glooierisation of the Antarctic 
has long been the cause of controversy. Captain Scott, it is believed, was the first to 
suggest that an increase in the temperature of the Antarctic would result in an inorease 
in the degree of gladerisation. This argument was based largely on the following 
facts : — (i) The known greater precipitation on the continent in the warmer months 

* 7 J inokes of water yearly. 
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of th.6 year, and (ii) tile fact that such islandB as Bouvet Island show very intense 
gLacierisataon, notwithstanding the much hi^er mean annual temperature. Neither 
argument, however, can cany great weight, in view of the great difierence between 
summer and winter conditions and the difierence in climatic factors, other than tem- 
perature, between islands such as that named and the Antarctic Continent. 

Temperature alone cannot be the deciding factor and to obtain a just estimate 
of the efEect of cb'mate in a given position involves a discussion of all the meteorological 
data. Nordenskjold* has already pointed out the very great importance of wind in 
this problem, and it is quite clear that its importance can hardly be over-estimated 
when the temperature is so low that the snow-flakes and crystals are small and unable 
to cohere, or grow quickly into larger aggregates, on the snow surface. This is, no 
doubt, one reason why the permanent additions to the snow surface are so slight in 
the winter months. On the other hand, the snowfall in winter is definitely less than 
that in the warmer months, and this has been observed by all Antarctic expeditions. 

In a previous chapter, emphasis has been laid on the fact that the largest types 
of expanded foot glaciers are best developed in Alapka and in the Antarctic. The 
former area is one of heavy precipitation and heavy denudation. In the latter area, 
both precipitation and denudation are alight. It cannot, in fact, be too clearly 
emphasised that a great precipitation at comparatively high temperatures may result 
in giLaciological conditions very similar to those due to a am all precipitation, associated 
with an even smaller denudation at much lower temperatures. It is the difference 
between precipitation and denudation which is effective (not the absolute magnitude 
of either) in deciding the degree of glacierisation. We believe that small precipitation 
and sm a ll denudation are associated with glacierisation of the Continental type in Polar 
regions, and that precipitation and denudation are both great for ice masses such as 
those formed in temperate regions and those which are surrounded by sea (Island-Ice 
formations). The initiation and growth of an ice-formation probably demands a heavy 
precipitation of snow ; the maintenance of an ice-formation requires less precipitation, 
though this must still be in excess of denudation. This leads to the view that the 
initiation of an ice mass may be associated either with a decrease of temperature (due, 
say, to rise of land), or to a more vigorous circulation in an area which has already a 
temperature sufi&ciently low to permit the formation of glaciers, were the precipitation 
greater or the denudation less. 


4. Pebiodio Vabiatuons in the Climate of the Eabth. 

Up to this point, no mention has been made of the periodic character of climatic 
variations since historical records conunenced. In view of the comparatively short 
range of years which can be studied, it is dear that only those variations which have a 
short period can be defimtely established, and linked in association with physical 

factors for which records are available. . 
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Sunspots <md Climate, — A useful summaiy of tlie data relating to tlie conneotion. 
between sunspots and weatber has been given by Brooks.* According to him, there is a 
definite correspondence between the 11-year sunspot period and weather, in such a 
direction that, at sunspot maxiTTium, the atmospheric circulation is most intense as a 
result of a deepening of the lows, i,e. greater storminess, and an intensifi.cation of 
the highs.” There is also evidence that the storm tracks in America shift southward 
at sunspot maximum, and that the absolute storminess increases at the same period. 

Clearly, in these circumstances, one would expect to find a close correspondence 
in period between temperature and sunspot area, and this is indeed the case, the tempera- 
ture being generally low at sunspot maximum and high at sunspot minimum. There is 
also evidence that the mean daily range, in the tropics, is less at sunspot niaximuni. 

Sunspots <md Radiation from the Sun. — ^Humphreysf has discussed in some detail 
the relationship between mean annual air temperature, sunspot numbers, and the 
intensity of radiation received from the sun on the earth’s surface. 

He quotes figures showing the relationship between the temperature at selected 
stations and the pyrheliometrio values, and it is seen that a general correlation between 
the two does exist, decreased temperature being associated with decreased radiation 
from the sun. Moreover, it has been proved that, in a general sense, temperature 
and sunspot frequency are associated, increased sunspot frequency corresponding 
to decreased temperature. !Finally, it is known that a combination of the sunspot 
frequency curve and the pyrheliometrio curve represents with considerable faithfulness 
the mean temperature curve on certain portions of the earth. A very good case has also 
been made out to show that the discrepancies between temperature and sxmspot frequency 
curves may be due to variations in the amount of dust in the earth’s atmosphere, 
chiefly to volcanic dust projected in volcanic explosions such as that of Krakatoa. 
It is important to note, however, that the facts do not warrant the deduction that 
increased simspot activity is associated with a decreased mean temperature aU over 
the eanih^ and it is quite possible that in one portion of the earth increased sunspot 
activity will be associated with decreased temperature, and in another spot with increased 
temperature. 

One explanation for the observed decrease in temperature with increased sunspot 
activity is offered by Blanford’s theory, which supposes that this inverted effect results 
from greater evaporation over the water areas of the earth, causing greater cloudiness, 
greater rainfall and decreased temperatures. Humphreys suggests the cause may lie 
in the increased formation of ozone in the upper atmosphere, due to increase in the 
amount of ultra-violet radiation from sunspots. 

Analysis of the Chinese Earthquake and Sunspot Records. 

H. H. Turner I has recently analysed the Chinese records dealing with earthquakes 
and sunspots, and has compared the periodicities found with those of the Nile records 

* ' The Meteorological Magazine,* June, 1921* 
t ‘ Physios of the Air.’ 
t * Monthly Notices,* Roy. Art. Soo, 
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and iih.e records of tree growth. The longest period which can be established from records 
of this duration is that of about 270 years, which is evident in all these records. 
Prof. Tomer also discusses the possibility that this periodicity may be identical with 
the long period term in the moon’s longitude. 

Mention should also be made of Petterssen’s theory* of the relation between cbmate 
and tide-generating force,” which demands periodicities of about 9 years, 90 years, 
and 1800 years. Petterssen’s mayima of tide-generating force fell in 350 b.o. and 
A.D. 1434, with TYiinimfl. at 1200 B.G. and a.d. 630, so far as the 1800-year period is 
concerned. It is daitned that there is evidence of a quiet stable climate in Korthem 
Europe at these times of niiniina, and of great storminess and severe climate at the 
times of mazuna. 

The equivalence in period shown to exist between climate and temperature, sunspots, 
tree-growth, Nile records, earthquakes and possibly the long period term of the moon’s 
longitude, clearly indicates that a definite relationship exists between them. Variations 
in radiation from the sun may be the cause of the climatic variations on the earth ; 
equally, these variations on the sun may be themselveB due to interactions between the 
different units of the solar system. In any case, the amount of radiation received 
from the sun by the earth must have a notable effect on the climate of the latter. 
Such variations in the amount of received radiation cannot be due entirely to variations 
in the absorptive power of the earth’s atmosphere, due, for instance, to variation in the 
amount of suspended dust. It seems most probable that the amount of heat radiated 
by the sun is a maxijnum at sunspot maxima and that, superimposed on the original 
variations, are others due to variable absorption in space, in the sun’s, or in the 
earth’s atmosphere. It is probable, for instance, that the area of the polar caps of Mars 
varies with the number of sunspots and that the area is greatest at sunspot minima.t 

A varying absorption of the sun’s rays in the earth’s atmosphere may be due to 
one or more of several causes —variations in the amount of water vapour, of water clouds, 
of the gaseous constituents of the atmosphere, and of volcanic dust, or dust derived 
from sources other than the earth. The variation in atmospheric absorption may, 
or may not, have the same periodicities as the radiation emitted by the sun. 

The climate of the earth is, however, also affected by the amount of radiation 
fmm the earth into space, and therefore by absorption in the atmosphere of the earth’s 
long wave radiation. Generally speaking, the earth as a whole will be warmed or cooled 
according as the radiation from the sun to the earth or from the earth is greater. 
Thus cooling may take place it the absorbing substance in the atmosphere is in 
fragments large in comparison with the wave length of the maximum, energy radiated from 
the sun, and small in comparison with the wave-length of the Tnfl.yiTnnm of the energy 
radiated from the earth. Such a cooling would result from the projection of sufficient 
volcanic dust into the earth’s atmosphere. Such changes might also result from differences 

* * Svenflka Fydiogr.— BroL Konim. Skrifteoc,* H.5. 

t Antonwdi, * Montlily Notices, ’ Boy. Ast. Soo., June, 1916. 
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in tlie amoTint of the gaseous constituents of the atmosphere, as water vapour or OOjj, * 
which are more absorbent of the long wave radiation from the earth* so that an increase 
in the amount of water vapour would result in a warming of the earth. Another way 
in which the radiation from the earth may be afieoted is by the chemical action of the 
radiation of the sun and the formation of a substance (such as the formation of ozone 
by ultra-violet radiation) which is more stron^y absorptive of radiation from the earth. 
That such an effect occurs at high levels, but not at low levels, seems to be indicated 
by Lord Rayleigh’s eaqperiments on the absorption of ultra-violet radiation.* 

Humphreys suggestsf that the increased auroral activity at times of maximum 
sunspot activity miay result in the production of hygroscopic compoimds causing cloud 
formation. The radiation contrast between the Antarctic and the equatorial regions, 
if this effect did take place, would be likely to be peculiarly effective, owing to the fact 
that the aurora is chiefly confined to the Polar regions. Lmdemannf has lately demon- 
strated the possibility that the earth, at least in Polar regions, may be continually 
bombarded by charged particles projected in clouds from the sun, these particles causing 
the aurora, on reaching a certain depth in the earth’s atmosphere. It does not appear 
likely, however, that any substance with much greater sdealive absorption in the visible 
than in the infra-red region would be so projected into the Polar regions and notably 
afiect the radiative conditions in the Antarctic, If, however, such a state of affairs 
existed, or if larger particles could be so projected, they would arrive in greatest number 
at times of sunspot maxima, and when the solar latitude of the sunspots was most 
favourable to such a projection towards the earth. 

The theory of landemann has been strengthened by the work of Mogh Nad Saha§ 
who has applied the Reaction-Isobar ” to calculations of the ionization in the sun’s 
atmosphere and has accounted for the absence of the enhanced lines of certain elements 
below definite levels of the chromosphere. If, now, selective light pressure is the 
mechanism driving these elements outwards against the sun’s gravitational field, the 
possihility exists that certain elements may he projected continually from the sun, to 
re^h the earth’s atmosphere, in amount which is greatest at times of sunspot 
TnaxiTnuTTi. 

It is not difiBloult to see that variations in the amount of radiation reaching the 
earth wiU result in climatic variations of the same period, through their effect on the 
great centres of action of the earth, intensifying or reducing in strength the great 
permanent glacial anti-cyclones. It is also easy to see that such variations in radiation 
will result in corresponding variations in the amount of landhome ice in Polar regions. 
The latter variations will result in variations of the gravitational constant, thus 
upsetting the isostatic equilibrium of the earth. These may be of sufficient amount to 
cause the associated periodicity of earthquakes and the long period term in the moon’s 
longitude. 

♦ ‘ Nature,* July 8, 1920. 

t Tfoc, oU.y p. 92. 

' PhiL Mag.,’ December, 1919. 

§ ‘Phil, Mag.,’ December, 1920. *Proo. Roy. Soa,’ May, 1921. 
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It seexoB to UB likely tliat the ultimate cause lies in the interaction of the sun and 
his planets, the “ gravitational field of the sun varying with periodicities determined 
by these interaotions, . causing variations in the sunspot activity of the sun and in the 
radiation to the earth. This radiation, after absorption in the atmosphere of the sun 
and the earth causes periodic variations in the earth’s dimate — ^temperature, rainfall, 
etc. — ^which are probably not in the same phase at all parts of the earth, Tn a x i m i iTn 
air temperature at one place, corresponding to Tnininuun at another. In the meantime, 
the change in the sun’s " gravitational field” must be associated with changes of the 
same period in the " gravitational field”t of the earth and the moon, resulting in variations 
such as the long period term of the moon’s longitude, and in a variation of equal periodicity 
in the occurrence of earthquakes, and of earth movements. 

The principle of isostatic compensation, as Hayford and others have shown, is 
substantiated in that a teniefMy towards compensation has been shown to hold over 
large areas of the earth’s surface ; complete compensation may exist in places. In 
our opinion, the excess or deficiencies from complete compensation must be interpreted 
as a pre-disposition to movement of the land surface in a vertical direction and to the 
occurrence of earthquakes. | 

A dear relationship between earthquakes and tree growth, together with Nile 
fioods, is not difficult to understand, iE we can assume, as seems reasonable, that earth- 
quakes are associated with volcanic activity in their dependence upon variations of the 
earth’s " gravitational field,” and can agree with Humphreys that the amount of volcanic 
dust in the earth’s atmosphere has an unmistakable efiect upon climate. Such variations 
in the earth’s "gravitational field” may also result directly from variations in the amount 
of radiation from the sun, operating through the waxing and waning of ice on the land 
in Polar Begions. 

On this view, the periodic variations in clunate are due partly to variations in the 
radiation received from the sun and partly to causes associated with variations in the 

* Pkenomena of a tidal nature on the sun are associated with, yaiiations of the sun’s “ gravitational 
field ” according to the meaning attached here and subsequently to these words. 

f This teomi is intended here to include any variations due to the attraction of the planets, and 
therefore includes forces of a tidal nature. 

In the Beport on the gravitationBi observations of the Expedition, of this series of memoirs, a 
discrepancy is observed between the value of “ g ” found at Melbourne and that previously observed. 
The evidence for a real difierenoe is unreliable, but should be mentioned as bearing on this point. Moro- 
over, the sudden changes observed in the rates of astronomical docks do suggest the possibility of corre- 
sponding sudden changes in the gravitational constant. Such changes ore discussed by Sampson in 
'Monthly Notices,’ Boy. Ast. Soo., January, 1922. MM. Fhilippot and Moreau, in the same volume, 
state— Xes d$ nos penduUs modemes aoeo Vhorloge edeste nous feroni peut-dtre douter 

un jour de la rigula/Hti de la rotation de la tecre. Setodird tSmSrasre de supposes quo des variatiom de la 
pesa/ntouir — en ddrediion et on intensiiS — et les petits seoousses sismiques modifient les marches des horloges r 

Attention is drawn in Publioation No. 10, United States Ooast and Qeodetio Survey, to the fact that 
large anomalies in the value of “ g ” ore found on the Paoifio ooast of the United States. Here, the activity 
of recent mountain formation is accompanied by increased devation as a rule, and the area is subject 
to frequent and severe earthquakes. 
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sun’s and earth’s gravitational fields.” Both variations have a common c^iuse in 
the interaction of the sun and the planets and are of the same periods, though their 
mod.es of operation are difierent. Both modes of operation seem to be dependent partly 
on the occurrence of catastrophic changes — ^the formation of sunspots on the sun and 
the vertical movements and outbursts of volcanic activity on the earth. These 
will result in climatic variations whose period and amplitude are very variable and it 
will therefore require long periods of time to establish their average periods and amplitudes. 

As regards the conditions operating at the present day, Brooks has shown that the 
sunspot numbers have shown a steady decline since 1870. This is in conformity with 
Brown’s analysis.* Since Boss’s time, the Barrier has suffered a notable loss at its 
seaward edge which, it seems to us, must be ascribed to an increase in the sea temperature 
in the Boss Sea during that period, which, however, does not necessarily mean an increase 
in world temperature. The moon had reached its maximum displacement in 1790. 
The last earthquake maximum, according to Tumerf, was about 1800, sliglxtly preceded 
by a TnaximuTn. for tree growth. As pointed out by Turner, f when considering a possible 
relationship between earthquakes and the long period term in the moon’s longitude, 
" the moon’s longitude was apparently increasing in 1720 and decreasing in 1860, or 
the day was long in 1720 and short in 1860. Thus the radius of the earth was largest 
in 1720, and shrinking from 1720 to 1860, when it would be smallest.” It is in this 
period that the Chinese earthquake maximum falls. Further, the earthquake maximum 
is spread over a period of about 60 years followed by quiescent periods of about 210 
years — ^precisely what we would expect if its cause was due to a change in the earth’s 
gravitational field operating only on one side of the maximum. Judged by these 
standards, the sunspot activity is now decreasing, as well as earthquake activity ; the 
atmosphere should be comparatively free from volcanic dust, the world temperature 
probably increasing, the storminess ” decreasing and the temperature contrast between 
Pole and Equator diminishing, with decreasing snowfall in the Antarctic as a result. There 
is nothing in the Antarctic records of historical times which appears to contradict these 
surmises, so far as glaoiologicsd observations are concerned, in view of the historically 
recent greater extension of seaborne and small land gIaoiers.| As pointed out previously, 
large land glaciers are not likely to show clear evidence of climatic variations of such 
short period as the one under consideration. 


Of the direct causes which have been suggested for the initiation of glacial cycles, 
one of the most interestiug is the variation in radiation received on the earth from the 

* ‘ Monthly Notioefl,* Boy. Ast. Soo. Vol. LX. p. 600. 

t Turner, * Monthly Notices,* Boy. Aat. Soo., May, 1919. 

% Unless the increase in Boss Sea temperataxea, which has caused the recent retreat of the Boss 
Barrier, cannot be reconciled with a period of deoreasiog storminoss. There is some evidonoc that tlio 
sea temperatures in MoMuxdo Sound were higher in the winter of 1912 than m the previous less stormy 
winter. On the other hand, the years covered by the “ Discovery ** Expedition, when the ** Discovery ** 
remained frozen in at Hut Point, were years of cold oalm weather. 
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SUB, due to yariatioBB in the dustiness of the earth’s atmoi^here. There is distinct 
evidence that rise of land has been associated in the past with ^cial epochs^ and it 
seems reasonable to suppose (as Humphreys has shown) that rise of land, and 
volcanic activity which can lead to the continued projection of volcanic dust into 
the earth’s atmosphere, are not unconnected. On this assunaption, we will first 
examine, so far as possible, the results of such a continued projection of volcanic dust 
and see where the hypothesis leads us, when applied to Antarctic conditions as they 
are at pre^nt. 

The first obvious result of a formation of volcanic dust in this way leads, as Hum- 
phreys shows, to a general lowering of temperature over the earth, due to the greater 
absorptive power of the dust for sunlight than for radiation from the earth. In the 
Antarctic, owing to the low altitude of the sun and the consequent longer path of the 
sun’s rays through the upper atmosphere, the radiation from the sun will be decreased 
more than will be the case in Equatorial regions, i.e, the radiation contrast between 
Pole and Equator will be increased, with more active atmospheric circulation and greater 
wind velocity in the Antarctic. • It might, at first sight, seem that the correspondingly 
greater decrease in radiation from the sun in Polar regions would involve a temperature 
decrease in the Antarctic, but this does not seem to be a necessary condition, nor, on 
consideration, does this seem a probable outcome of an increased atmospheric circulation. 
As substantiation of this, we find that much the most stormy winter in the Hoss Sea 
area was that of 1912, which was also much the warmest. As Simpson has shown, the 
conditions on the snow surface of the Boss Barrier are such as lead to the formation 
of inverted vertical temperature gradients, and the temperature diSerence between 
Boss Barrier and Boss Sea causes southerly winds, which (when they rise to blizzard 
force) result in a complete mixing of the lower atmosphere and a great rise in surface 
temperature. The mean surface temperature is, in fact, conditioned by the number of 
blizzards, and the mean temperature is higher, the higher and more frequent the winds. 

As stated in previous chapters, by far the greater part of the snow falls during high 
winds, even though high winds in themselves lead to great ablation, both by evaporation 
and by drift chiselling of the snow surface. In conformity with this, observation showed 
that the quantity — deposition less ablation — ^was much greater in the winter of 1912 
than in the preceding less stormy winter. The argument leads to the conclusion that, 
in the winter at least, and probably also in the warmer months when the greater part 
of the anowfaU takes place, increased temperature contrast between Pole and Equator, 
due, for instance, to volcanic dust, will be associated with a greater permanent addition 
of snow to the surface in the Antarctic. 

For the Bamer, at least, the argument can hardly be questioned ; here deposition 
exceeds ablation, the greatest excess is in the warmer months and practically the whole 
snowfall takes place during high winds. It seems not improbable that the same is 
true at stations further inland and well above sea-level. 

If matter was projected from the sun, in greatest amount at sunspot maxima, and of 
the same dimensions as volcanic dust, the effect should be an increased temperature 
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contrast between Antarctic and Equator at times of sunspot maxiina. The result would 
be the same (and possibly peculiarly effective), if the matter projected from the sun 
and causing aurorse (chiefly in high latitudes) were more absorptive of the sun’s 
of the earth’s radiation.* 

So far as direct radiation from the sun is concerned, it is probable that its effect on 
the climate of the southern hemisphere is also best measured by the contrast between 
conditions in the Antarctic and the Equator. Assuming the absorption in the sun’s 
and earth’s atmosphere to remain unchanged, and the effect of decreasing sunspot 
activity to result in decreasing radiation received by the earth, we would probably 
espect a decreased radiation contrast between Antarctic and Equator to result, with 
less stormy conditions. 

The result of an uplift of a low-lying continent when fully covered with ice and 
snow may lie in increased storminess and in increased precipitation, this increased 
thickness of snow being compensated in part by a sinking of the land under the increased 
mass. The increased wind velocity on the continent in these conditions will also result 
in increased denudation, but the balance will remain in favour of deposition. The 
uplift of a snow-covered continent which is already high, may, on the other hand, result 
in conditions in which denudation exceeds deposition, so that the net result may be a 
loss of snow from the surface. 

5. The Obigin of Olaoial Pebiobs. 

The value of the discussion in the preceding pages lies solely in the possibility 
of correlating periodic climatic changes with changes in other physical and geographical 
factors, and of indicating what factors are likely to cause decreased temperature, or 
increased precipitation, in sufiicient degree to influence the glacierisation of any portion 
of the globe. Variations of such short period as those discussed, clearly can have no 
signifloant effect, though they may indicate the possible occurrence of variations of 
much longer period, which may be able to account for the glacial epochs. On the other 
hand, it is by no means certain that the glacial epochs are of a periodic character and 
have recurred at equal intervals of time throughout past ages, or will do so in the future. 
Whether this seems likely to be true, or not, depends largely on one’s estimate of the 
prime causes operating towards increase and decrease of glacierisation, at any stage 
of a glacial cycle and at any point on the earth’s surface. 

The probable cause of the gLacial epochs has been the subject of speculation for 
many years, but opinion on the subject is stiU greatly divided. The rival theories which 

* Sinoe the above was written, an intereHting artiole by Flemiiig (‘ Nature/ February 2, 1922) has 
appeared, wbioh discusses the effect of light pressure from the sun on its atmosphere, and the possibility 
that such particles driven out from the sun may be the cause of the aurora. Whether the earth will be 
oooled or not by such a projection of matter will depend both upon the density of the mai^ial and 
upon its size. Fleming states that particles of diameter as large as 150 X 10^ and of density 1, will 
just be repelled ; the diameter of voloanio dust is, on the average, 185 X 10"^ cm. (‘ Met. Zoit.,’ 6, p. 401, 
1889). The possibDity of such an action may therefore exist. 
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seem to liave tke greatest number of adheients at the present time ascsribe the cause of 
the glacial epoch to : — 

1. Variation in radiation from the sun. 

2. Variation in the eccentricity of the earth (CroU). 

3. Vertical uplift of land masses. 

4. Volcanic dust in the earth’s atmosphere. 

5. OombinationB of these. 

It is not intended to discuss here the relative merits of these rival theories, which 
has been done with much skill by Humphreys.* We must, however, join issue with 
him, over his statement that : — 

The practical coinddenoe of cold ages with mountain-building epochs appears 
at once and irretrievably to negative the entire group of cosmioal ice-age theories — 
those that assume all great climatic changes to depend on the sun, a condition 
in space, or anything else wholly outside the earth. Such theories, any solar 
theoij, for instance, must also assume that those external changes, solar changes, 
say, which caused a marked lowering of terrestrial temperatures, occurred only 
at about the times of mountain building. That is, they must assume that either : 
(a) the solar changes caused the mountain building, or (b) that mountain building 
caused the solar changes, or, finally (o) that both had some unknown but simul- 
taneously acting common cause. But each of these assumptions is wholly 
imtenable.” . . “It appears from various considerations that, with a constant 
or nearly constant output of solar energy, the earth itself possesses the inherent 
ability to profoundly modify its own climates, whether only local or world-wide. 
Thus, a mere change in land elevation whether of plateau or of mountain range, 
a thing that appears often to have happened, must alter both the local and the 
leeward diznates, and, by reducing the general hiunidity, somewhat lower the 
average temperature. Besides, a change in land elevation of any considerable 
extent is pretty certain to be accompanied by a somewhat corresponding variation 
in continental area, and such modidoation of shore lines and ocean beds that 
greater or less changes must follow in the directions, temperatures, and magnitudes 
of ocean currents, in the location and intensity of permanent ' highs ’ and permanent 
' lows,’ in the dhrection, force and temperature of local winds, in the amount and 
kind of local precipitation, and in a host of other meteorological phenomena. 

“ Again, as the laws of radiation indicate must be true, and as observations, 
at least back to 1750, the date of the earliest reliable records, show, the temperature 
of the lower atmosphere depends in part upon the amount of dust in the upper 
air, in the sense that when this amount is great the average temperature at the 
surface of the earth is below normal, and when the dust is absent this temperature 
is comparatively high. Hence, as there appears to have been several periods of 
great volcanic activity in the past with mtervening periods of volcanic quiescence, 

* * PhysiCB of the Air,’ pp. 627-28. 
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it is inferred that volcanic dust in the upper atmosphere was at least one important 
factor in some, if not all, of the great and universal dimatic clianges that have left 
their records in abandoned beaches and forsaken moraines. 

" How these various causes of climatic changes were related to each other 
during the geologic past is not yet entirely clear. This the geologist, most interested 
and most competent to judge, must determine. May it be that extensive upheavals 
and great volcanic activity often were synchronous ? If so, the dimatic effects 
of each obviously were added to those of the other, and hence it may be that the 
greatest of our past climatic changes were caused by the roughly s}rnchronous 
variations in continental level and volcanic activity; universal cold periods 
coming with increase in vulcanism, increase in elevation and the obstruction of 
interzonal oceanic circulation ; universal inUd periods when volcanic dust seldom 
veiled the skies, when the continents had sunk or been eroded to low levels, and 
when there was great freedom of oceanic circulation from equatorial to polar 
regions ; mild universal climatic oscillations with temporary changes in vulcanism ; 
and mere local climatic changes with variations in such local climatic controls as 
near-by elevations and neighbouring ocean currents. Finally, as the past is the 
pledge of the future, it is but reasonable to suppose that the world is yet to know 
many another climatic change, in an irregular but well-nigh endless series, often 
local and usually slight, though always important but occasionally, it may be, 
as in the ages gone — ^whether towards the auspiciously genial or into the fatefully 
disastrous— universal, profound and momentous.” 

In our opinion, the association in short periods of sunspots and earthquakes argues 
that both have a simultaneously acting common cause within the solar s;^tem, and we 
have no reason to doubt the possibility of a similar cause of longer periodicity, or of non- 
periodic character. We can readily admit the importance of extensive land elevations 
in lowering the temperature and the importance of associated changes in the directions, 
temperatures, and magxutudes of ocean currents, and the possibility (in our opinion, 
probability) that extensive upheavals and great volcanic activity were often simul- 
taneous. Our suggestion, however, that the cause of such variations need not lie wholly 
within the earth is surely a reasonable one. 

Our view is that all three of the factors mentioned— mountain formation and eleva- 
tion of land, volcanic activity with the occurrence of volcanic dust in the atmosphere, 
and sunspot or allied phenomena, affecting the intensity of heat emitted from the sun, 
must operate together and will have a common cause, which may be of a periodic or a 
non-periodic character, and that this is a possible cause of glacial epochs. 

As pointed out earlier in the chapter, the difficuHy with which we are faced, when we 
consider the evidence of cUmate in past geological ages in the Antarctic, is not to explain 
the formation of such Ice-ages in the Antarctic, but to explain the prevalence of warmer 
climates. A similar difOlculiy results when one considers the glacial epoch of Fermo- 
Carboniferous times, whose influence is traced in South America, South Africa, Australia 
and India — of which the latter country lies close to the Equator, 
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The theory of Wegener,* if tenable, seems to solve both these difiB-culties, to some 
extent at least, and is a very suggestive and valuable treatise. His contention that the 
continents float on a more plastic magma of greater density and that they have moved 
(and are still moving) relative to one another is exceedingly suggestive, and involves, at 
the same time, a shift of the earth’s rotation axis. Wegener gives a diagram showing 
the assumed position of the continents and the poles in Carboniferous times, and this 
indicates clearly how the glacial epoch of Permo-Carboniferous times may have 
simultaneously affected regions which now lie close to the Equator. At the same 
time, it indicates how the Antarctic Continent may have been immune from the action of 
ice in the same period. The conceptions of Wegener are revolutionary, but seem worthy 
of the most critical study. If accepted, they open still another range of phenomena, 
which makes it even more difS.cult to decide on the most probable causes of the catas- 
trophic or periodic incidence of Ice-ages in the past and much more difficult to guess the 
probable course of the future history of the earth. The probability that the Ice-ages 
are of a non-periodic character, does, however, seem to be much increased, on this 
view. Catastrophic changes such as the division of one continent from another, would 
involve changes in the position of the Poles, besides affecting the earth’s climate to a very 
great extent by modifying the oceanic and atmospheric circulations, causing disturbances 
of the isostatic equilibrium, mountain formation, volcanic activity, etc. 

Thus, we are led to the view that, if Wegener’s conceptions are correct, all the 
phenomena we have considered as jointly and simultaneously operating to cause the 
olimatio fluctuations associated with a complete glacial cycle may owe their incidence 
to a common origin of a catastrophic nature, such as the division of a continent 
on the earth, and movement of the component parts. If, however, sunspot activity 
is to be associated with these climatic variations, we must assume that the '' gravi- 
tational field” on the sun is varied in sufficient degree as a result of these earth 
movements. 

Time alone, and much patient research, can settle these points, but clearly the 
increase in the number of variables resulting from an acceptance of Wegener’s con- 
ceptions, must render the facts more easy of explanation — ^whether the facts are related 
or independent. 

When further information is available regarding the past climatic history of the 
Antarctic Continent, it may be possible to apply a stringent test to this theory. But 
our present knowledge is clearly such as to make us welcome a conception which allows 
the relative position of the South Pole and the Antarctic Continent to have varied in the 
past.f As pointed out already, the difficulty is, not to explain the incidence of a glacial 

* AV^ener, ‘ Die Entstehung der Kontinente xmd Ozeane,’ Braiinsohweig, 1920. 

t The obvious teotouio relAtionship between East Antaiotica and Africa and Australia and between 
West Antarctica and South America, combined as it is with a distribution of biologic genera and species 
which seems to demand past land connections between these Continents, is much more easily accounted 
for if Wegener’s theory can be established. The idea of such profound foundering of land bridges between 
the outlying Oontments and the.oentral Antarctic land-in^ as must have occurred to account for the 
present isolation of the latter appears just as revolutionary as Wegener’s hypothesis. Indeed, this explanation 
has lost ground oonsid-erahly of late years. Yet, some such explanation appears necessary on geological, 
palsBontologioal, and biological grounds.. 
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climate, but the long periods of wariiitli enjoyed by this inhospitable land in the dim 
past. 

6. The Influence op Iob-Formations upon Climate. 

As pointed out in previous chapters, the thermal constants of an ice surface, and 
particularly, of a snow surface, difEer appreciably from the thermal constants of a water 
or rook surface. Specific heat, reflectivity and thermal conductivity all differ*, and these 
differences are such as lead to a greater heating of the air over roc*k and water in the 
summer than over a snow surface, and greater heating in the winter over a water surface 
than over one of rock or snow. 

The result, as applied to the Antarctic, may be summarised as a large liorhsontal 
temperature gradient in the winter where, as on the Ross Barrier, the snow-covered 
Barrier meets the open sea. A small horbsontal temperature gradient, also with the lower 
temperature over the snow surface, will be found in the summer months. 

At the boundary of a snow-covered and a rock surface, in winter, it is probable 
that there will be a temperature gradient, in the same sense as that where snow meets 
water, but of smaller magnitude, while, in the summer, the gradient will be large and in 
the same sense, Le, the warmer air temperature over the rock. 

In lower latitudes, we are probably correct in stating that the same considerations 
generally apply as in the Antarctic for the summer months. That is — averaging for the 
year — ^the air temperature just over the snow will be less than over rock, or over tlio sea. 
In either case, there should bo a tendency towards a flow of air outwards from the snow 
surface. 

In the case of small snow masses, tliis tendency will clearly be swamped by the local 
air circulation. On the other hand, we have seen that ice sheets of continental size 
are surmounted by a “ glacial ” anti-cyclone which dominates the air circulation. The 
question which now arises is this — ^At what stage does the glacial anticyclone develop ? 

Before dealing with this point, it will be convenient to trace the growth of an ice 
sheet to its maximum size as a glacial period in polar regions approaches. 

In such a case, as in the Antarcticj — supposed previously ice-free — ^the first permanent 
covering of snow will probably be formed in the flat sheltered portions of the highlands. 
Wliether the initiation of the conditions leading to the formation of a permanent covering 
is due to increasing radiation from the sun, to a rise of the land, or to increased precipita- 
tion in the area, is not at present of importance. The important point is that there will 
be a tendency to outward flow of cold air from the snow-covered areas and a slight 
temperature decrease in the surrounding air. The effect of this will be insufficient to 
modify the adr circulation appreciably, and the result must be a tendency towards 
, increased precipitation of snow and growth in the size of the snow covering. 

These conditions will continue until the tendency towards the formation of a local 
glacial anti-cyclone is sufficient notably to modify the general air circulation in its 
nei^bourhood. It is at this stage that the rate of growth of the ice sheet will became 

♦ Appendix. 
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slower. When the glacial anticyclone is fully developed, its air circulation will be domi- 
nant. If the glacial period is sufftciently severe, growth will continue until such a low 
latitude is reached that loss by melting sets a limit to the advance of the borders of the 
Continental-Ice, or imtQ melting in the sea similarly limits its outward extension. 

In lower latitudes, the extension of such an ice-sheet will also be limited by the 
amount of melting at the boundary, and it will be unusual for the sheet to grow to con- 
tinental dimensions for this reason, and for the reason that only the highest portions of 
land can ever have such a low temperature that snow can remain throughout the year. 
In this case, however, groT^ to the limits attainable, and set by the geographical and 
chmatic conditions, will be quick, whereas this is only true of the first stages of growth in 
high latitudes. 

In both these cases, growth in the appropriate conditionB must be quick while 
the general air circulation is relatively unafEected, that is in the initial stages of the forma- 
tion of the sheet, before the development of the glacial anti-cyclone. Moreover, conditions 
which are able to form the first permanent ice-covering on a bare rock surface, will be 
such as to lead to quick growth of the ice-sheet, once formed. Similarly, conditions 
favouring decreasing glacierisation wiU lead to a rapid decrease in the area of the ice- 
sheet, except in the stable case where the ice-sheet is of dimensions sufficient to maintain 
a glacial anti-cydone. In this case, as has been explained already, the area of the ice 
sheet, the boundary conditions, the contours of the surface and the intensity of the anti- 
cyclone are aU related. In our opinion, a tendency to de-glacierisation in a sheet of 
CJontinental-Ioe expresses itself first in a decrease in the thickness of the ice, the 
position of the boundary being maintained by the operation of the glacial anti- 
cyclone and the drift carried by it. The area of the ice-sheet must, however, also 
slowly decrease, and the dissolution of the sheet in the final stages must proceed at a 
very rapid rate. 

It seems impossible to arrive at a satisfactory conclusion regarding the size beyond 
which an ice-sheet may be considered stable in that linear growth and retreat are slow, 
relative to the linear growth retreat of smaller ice-sheets exposed to the same climatic 
conditions. Brooks* has analysed the temperature conditions at 56 stations in Eurasia, 
between 40® and 60® north latitude, and has found that the effect of land masses on the 
clima te of a place is inversely proportional to the square root of their distance, the 
remainder of the area bemg water. Using the same conception,*!' that the substitution 
of land ice for ice-free land leads to a fall in temperature proportional to the relative 
amount of land ice in a circle of 10° angular radius — and, assuming a proportionality 
factor of 0*2 derived for Alpine regions in the time of the last great glaciation, he aucrives 
at a figure for the critical angular radius of such an ice sheet of 2-6®. Ice-sheets of greater 
angular radius than this he claims are stable and grow slowly, ice-sheets of less size than 
this must grow or decrease in size quickly, and are, therefore, unstable. Whatever 
virtue we may ascribe to Brooks’s figures, when appUed to an area such as the Antarctic 

* ‘ Quart. Joum. Boy. Met. Soo.,* 1917, p. 169. 

t Brooks, ' Quart. Joum. Roy. Met. Soo.,* July, 1921. 
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Continent^j there can be hardly any doubt of the fact that the climatic conditions at any 
position change notably : (1) when the position becomes snow covered ; and (2) when 
the sheet becomes of su£B.cient size for the glacial anti-cyclone to dominate the air 
circulation. 

One is tempted to speculate on whether the Antarctic Continent, if suddenly freed 
from ice, would in present conditions remain free from snow, and whether the Ross 
Barrier, if it were suddenly annihilated, would re-establish itself. We suggest, thougli 
it is little more than an expression of opinion, that, in present conditions, the continent 
would again become snow-covered, but it is very doubtful if the Ross Barrier would grow 
again to anything lilce its present dimensions. We do believe, however, that if the 
Antarctic Continent of its present dimensions nowhere reached a height greater tlian 
1000 feet, it is very doubtful if the present amount of snowfall would peimit the grmofh 
of a permanent ice-covering, either on land or sea. Such conditions would soon liave a 
notable efiect on the sea temperature, and this might, possibly, be sufficient to explain 
the temperate climate which has been enjoyed by Antarctica for so much of its past. 
If the continent were, indeed, snow-free in these conditions, we would also expect a very 
large temperature range between summer and winter, such as is indicated by the Beacon 
Sandstone formation in many of the exposures studied. 

It is certainly unwise to dogmatise on the subject of the influence of the present 
Antarctic Continental-Ice upon the climate of the southern hemisphere, though there caTi 
be little doubt that the temperature difference between North and South Polar regions 
is considerable, and owes much of its magnitude to the low summer temperatures of the 
Antarctic summer, caused by the poverty of bare rock on the Antarctic Continent in 
summer. The view that temperature contrast at the boundary of snow and water, or 
snow and rock, or at the edge of the Fast-Ice, is the prime cause of the otitward flowing 
wind loads naturally bo the view that, the greater the temperature contrast, the 
greater the storminess and the greater the exoliango of air between the contineiit 
and lower latitudes of the southern hemisphere. Wo would then expect greater 
storminess in the Antarctic to bo associated with a higher air temperature in the 
Antarctic and a lower air temperature in lower latittides, possibly such places as the 
southern portions of Australia, New Zealand, etc. We do not Imow if such a 
relationship does exist, but undoubtedly a stormy winter in the Antarctic is also a 
warm one near the coast, due to the fact that the cold air layers near the surface are 
swept away more frequently, and more frequently replaced by warm air descending 
from above. 

Moreover, as Simpson has shown, there exists a pressure correlation between the 
Antarctic and areas in Australasia, South America and the Indian Ocean, which is more 
pronounced if three months’ pressure are compared instead of single months. It is 
signfficant that, in the years 1902-3, the interchange of air was apparently chiefly 
between the Antarctio and the South American region, while, in the stormy years 
1911-12, the interchange of air was chiefly between the Antarctic and the Australasian 

* ‘ Meteoiology,’ vol. 1, pp. 202-206. 


409 


2a3 



regLOU. As stated by Simpsoiij it appears that the Antarctic is one of the great centres 
of action of the world.’^ 

That a relationship also exists between the dimatio conditions in the Antarctio 
and those in South America, sedns dear from the work of B. 0. Mossman, who claims 
that the temperature and rainfall on the latter continent are largdy dominated by the 
amoimt of ice in the southern seas. A significant effect may also be due to variations in 
strength and deflection of oceanic currents, but it is considered such effects will be largdy 
local in character. 

It seems quite possible, however, that there will be a definite relationship between 
the weather of the Antarctic winter, the amount of Pack-Ice formed and driven, north 
and west from the shores of the continent, and the climate in lower latitudes six months 
or a year later. The variations in Antarctio dimate from year to year are very pro- 
nounced, and the truth or falsity of such a correlation should be established without 
much difficulty. If true, the importance of such a correlation would dearly justify, 
on fiLnandal grounds alone, the establishment of a permanent station, or even permanent 
stations, on the Antarctic Continent. 



APPENDIX. 


PHYSICAL PROPERTIES OP ICE. 

1 . Density. 

In the process of freezing, water expands about 1/lOth. DetermiuationB of the 
densily of ice during the last 60 years have given rather discordant results, due primarily 
to the presence of dissolved air, but also to the fact, established by Nichols, tliat the 
density may vary with the conditions under which the sample of ice was formed, 
and even with the time since the formation took place. 

In Table XX are given some of the density detenninations of ico. It will be seen 
that, in the course of time, ice apparently becomes less dense, and tlus is duo, no 
doubt, to a rearrangement of tlie individual crystals through wandering of the 
molecules after the formation of the ice. It will also be noted that ice formed at 
low temperatures, as by exposure to a mixture of COg and ether, is less dense than 
naturally formed ice, such as that of an icicle. Tliis may be due to the inclusion of a 
greater amount of air. 


Table XX. 


Dmity. 

Obsorver. 

0<91686 

0-01G6B 

0* 91616 
0*91772 
0*91600 
0*91720 
0*91806 
0*91644 
0*91061 
0*91619 
0*91690 
0*91636 
0*91816 
. 0*91801 
0*91804 
0*91644 

Brunner 1 

ZukrsoHki 

Nioliole formed from boiled water.* 

Vinoout 

Loduc J 

NioholB T 

Nichols >Natural ice.* 

Barnes and CJooko J 

Nichols. Ice mantles (OO3 and otherh 

Nichols. loe mantles* 

Nichols. Ice mantles. 

Niohols. Natural ioo (ioiolos). 

Nichols. Natural ice. , 

Niohols. Pond ice freshly out. 

Niohols. Pond ice one year old. 


* Bamos, *' The Physical Constants of Toe,” ' Tians. Boy. Soo. Can.,’ yol. 3, section 3, 1010. 
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Co'EFFlOmm OP l^SltMAL ExFA2»fSIOir. 

The coefficient of thermal expansion of ice is a constant that has received very 
little attention. In Table XXI, taken from Barnes,* are given the determinations which 
have so far been made, and it will be seen that these show no remarkable degree of 
uniformity. 

So far back as 1886, Andrews measured the linear coefficient of expansion per 
degree Fahrenheit, and found it to vary with the temperature in the following way : — 

From —30® F. to —21® F. . . 0-000019744 

-21® +0® 20484 

+ 0® -16® 28042 

-|-16® -j"32® . . . . ... . . 40876 

It wiU be seen that the coefficient of expansion per degree Fahrenheit from 16® 
to 32® F. is twice that observed between -30® and —21® ; that is, the coefficient increases 
with increasing temperature. 

Though no data are available, it is quite certain that the coefficient of linear expan- 
sion will be different in single ice crystals for different directions relative to the axes. 

Tables XXI. — Ooeffioient of Linear Expansion per degree Centigrade. 


PettersBon 
Nichols... 
Vincent 
Dewar ... 


0-000063 (-12“ C. to -2) 
0-000064 (-10“ C.) 
0-0000607 (—10° to 0“) 
0-000027 (-189® to 0“) 


3, Thbbmal CoNnucTiviTy. 

A knowledge of the thermal conductivity of ice is of considerable importance, on 
account of the protection agaiiast temperature change afforded to the ground by a layer 

of ice or snow, and the consequent effect of such a deposit upon the earth and air 
temperatures. 

Observatdons to determine the conductivity along different axes have not given 
consistent results, but it seems dear, from the work of Forbes and Straneo, that no very 
large difference exists between the conductivity measured parallel to and perpendicular 
to the optio axis. The values for the conductivity are given in Table XXII, 


Table XXIL — Thermal Conductivity of Ice. 


Observei. 

Gonduotivily 
along prinolpal axis. 

At rig^t angles 
to principal 
axis. 

Forbes 

Neumann 

Straneo 

Straneo 

0-00224 

0-00673 (diieotiQn not oven) ... 

0-0060 

0-00617 

0-002U 

0-00614 


* Baines, ‘ Ice Pomation,’ London, Ohapman & Hall, 1906. 
t Bamea, * The Physical Constanta of Ice,' loc, oU, 
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Observations on the thermal conductivity of snow have shown that the value 
depends, not only on the density of the snow, but also on the form and size of the snow 
crystals. Abels, by the use of thermometers buried to different depths in snow, obtained 
the relation — 

K = 0*00677 (P, the extreme values being : — 

For light snow . . . . . . . . . . . . 0*000017 

For dense snow .. .. .. .. .. 0-00548 

Jansson has derived the formula K 0-00006 + 0-0019 d + 0-006 d®, where d is the 
density of the snow. 

Okada has also made observations on the value of K, using tlio same method, and 
has obtained the following results : — 

For depths 10-20 cms., K = 0*00028 C.CI.S. (density of snow about 0-18). 

,, 20-30 „ 0-00046 „ ,, ,, „ 0*24). 

These agree quite well with the formula given by Abels, 

The conductivity of fresh fallen snow is therefore very small in comparison with 
that of ice, and this enables one to realise how very much more efficient as a heat retainer 
is a cave fasliioned out of snow than a similar one built of ice. 

[The thermal conductivity of different rocks varies cx>nsiderably, but the average 
is about 0*004.*] 

As an illustration of the low heat conductivity of snow and ice, the toinperatui-o 
observed in the ice oaves (excavated for magnetic and pendulum observations) are plotted 
in Figs. 176 and 176, which also show the air temperature curve during the same 
period. 

4. Diathkkmanoy, 

Little is known of the diathermancy of ice, i.c, its power of transmitting heat and 
light waves. According to Melloni, only 6 per cent, of the energy from a Locatelli lamp 
is transmitted through a plate of ice 2-6 mm. thick; while, if a source consisting of 
blackened copper heated to nearly 400 degrees is used, no effect whatever can be detected 
through the same screen. It would seem at first sight, therefore, as if the effect of a 
covering of ice on a sheet of water must be to stop all radiation of the long heat waves, 
so that practically the only cooling the water can experience must take place by conduc- 
tion through the ice-covering. 

That this is not the cose, however, seems to be proved by experiments conducted 
by Barnes. On page 16 of his ‘ Ice Formation,* he says : — '' I have recently made some 
experiments on the absorption of terrestrial radiation, and, although they are npt yet 
by any means complete, they point very strongly to the fact that water, and especially 
clear ice, is transparent to a large proportion of the radiation from the earth into space.” 

The experiments were conducted with platinum resistance coils wound on mica 
frames and blackened, and each enclosed in a box blackened on the inside. When one 

* Joly,. ' midioactiyity and Geology,’ p. 74;, Constable, London, 1909. 
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soil W€U 9 left imcoveied to the sky at night, during the Canadian winter, it was found to 
lave become cooler than the covered coil by 6® to 9° F. A block of clear ice 2 inches 
'/hick, placed over the uncovered thennometer, cut of! only a small proportion of the 
radiation. This is a result of considerable importance, for it is with temperature condi- 
/ions siinilar to those under which the above experiment was carried out that this memoir 
shiefly deals. As a rule, however, in the Auntarctic, as in other parts of the world where 
Lee occurs in quantity, we have not to deal with large expanses of clear ice, but of ice 
rendered opaque by the presence of impurities. Clear ice does occur, however, as in the 
case of many of the numerous moraine or rock basin lakes. 


5. Latent Heats of Fusion and Vaporisation. 

The amount of heat in calories required to change 1 gram of water at 0® 0, into 
ice at the same temperature, is known as the Latent Heat of Fusion. Determinations 
of this constant for ice give a value about 80. 

Thus, the amount of heat that must be abstracted from a mass of water at freezing- 
point, in order to convert it into ice at the same temperature, is equal to that which will 
raise the same mass of water through 80® C. 

The latent heat of sublimation of ice is given by Barnes and Vipond as 600 calories 
it 0 C., a higher figure being obtained when the evaporation takes place more slowly. 


0. SpBomo Heat. 

Of chief interest in this connection is the variation of specific heat with temperature, 

since this is of importance in the winter months as a factor affecting the formation of 

cold air layers on the snow surface of such Ice-Formations os the Boss Barrier. The 

specific heat per unit volume of loosely compacted snow is low even at freezing-point, 

but is even lower at the temperatures observed in such conditions during calm weather. 

Table XXIII gives ^me of the data relating to the variation of the specific heat of ice 
with temperature. 


Table XXIII. 


Temperature Bange. 

Speoifio Heat. 

"0. “0. 

— 20 to 0 

— 78 - 18 

-188 - 78 

— 262*6 —188 

0*604 Person. 
0*463 Dewar. 
0*286 Dewar. 
0*146 Dewar. 


The specific heats of most rooks at ordinary temperatures are not far from 0*2. 
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7. Vapoub Pubssurb. 

Data relating to the vapour pressure of ice are shown in Table XXIV, and, for 
comparison, values of the vapour pressure of water are also given. It will be noted that 
the vapour pressure of ice is always loss than the vapour pressure of water at the same 
temperature. Kg. 177 illus- 
trates the variations with 
temperature of the vapour 
pressure of water. 

At low temperatures, 
such as — 60® C,, the 
vapour pressure of ice is 
very slight. In fact, it all 
the moisture in a colunm 
of air, 10 km. in height, if 
saturated and at this tem- 
perature, were deposited 
on the surface beneath, it 
would be equivalent to a 
rainfall of about ^ mm. only. At 20® C., the equivalent deposition would be about 
17 cm., or some 560 times as much. 



r£MPEMTUfi£ 
Pig. 177. 


Not only therefore should we expect snowfall to bo much less at low temperatiu'eB 
than at high, but we should also expect the evaporation from ice surfaces to be much 
less at (say) —30® 0. than at the freezing-point. In this case, however, it must be 
remembered that the velocity of the wind to wliich the ice is exposed is a very potent 
factor in promoting ablation. 


Table XXIV.* 


Wator. 

lec. 

Temperature. 

rrcHsui'o. 

Temperature. 

Pressure. 

“0. 

(miDB. Hg.). 

- ®0. 

(mniB. Hg.). 

20 

17-639 

0 

4-679 

10 

9-210 

-10 

1-947 

0 

4-679 

-20 

0-770 

-10 

2-144 

-30 

0-280 

-16 

1-316 

-40 

0-094 



-60 

0-029 

I 


* * PhysikaliBolL-Cihemifioho Tabdlen,* Landolt Bomstein, ^tb. ed. 
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8. MHLTrSTGhPoiNT AND pBBSSUBB. 

Of all the properties of ice, one of the most important in its efEedts is the lowering 
of the melting-point under pressure. 

This property is general for aU substances which expand on freezing, and the 
theoretical amount of lowering of temperature can be calculated from the known 
constants of ice. Dewar* gives the observed value 0-0072® 0, for each atmosphere 
pressure up to 700 atmospheres. 

One result of this property of ice is best illuBtrated by example. If we have a 
glacier with a uniform temperature of (say) -0*07® 0. throughout its mass, and we 
consider the weight of 36 feet of ice as eijui valent to one atmosphere, then at depths 
below 360 feet the ice can no longer exist in the soHd phase, but will flow out in the 
form of water. The TnariTmim thickness a glacier at this temperature can attain is 

therefore 360 feet. 

Tammann has lately worked out more fully the relation between pressure and 
meltmg-pomt. He finds that several forms of ice may be recognised, depending on the 
conditions of temperature and pressure. Ice kept at a temperature of —20® 0. wfll, 
under increasing pressure, first become liquid for a pressure of about 2060 Kg/Om*. On 
further increasmg the pressure to 2640 Kg/Om®, the mass will again become solid. 
These phases can all be seen for any temperature from 0® 0. to —22® C., but, below the 
latter temperature, no amount of pressure can make the ice assume the liquid form. 


9. BiASTiorrY. 

The determination of the elasticity of ice by the methods applicable to other solid 
bodies is an undertakmg of considerable difiSiculty, owing to the large permanent changes 
undergone by ice under strain. Hessf gives for the modulus of elasticity (E) the value 
27600 Kg/Cm®, as the mean of a number of experiments on glacier ice and on bars cut 
at diGEerent inclinations to the optic axis. Beusch, using sounding plates of ice, found 
the value to be E == 23632 Kg/Cm®. 


10. Yrsoosrnr and Movement of Ioe ttndeb Pbessube. 

The viscosity of ice appears to have been first determined by McConnell from the 
bending of bars of ice under given loads. His values (calculated by Deeley) lie between 
3x10*^® and 1*34x10“ C.6.S. units, and indicate that the viscosity becomes less as the 
temperature of the ice rises. Weinberg, by the use of a torsional method, found the 
relation -viscosity = (1-244 -0-602T+0-0366T)® lO^* gm/cm. sec. 

Deeley, by rough calculation from the size and velocity of difEerent Swiss glaciers, 
gives the values shown in Table XXV. 

* Dewar, * Proo. Koy. Soc.,* vol. 30, 1880. 
t Hess, ‘ Die GlletBohei.’ 
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Table XXV. 


Viscosity. 

Observer. 

Caloulatod by 

6-0x1012 

84-5 „ 

8*0 „ 
17*4 

78-9 „ 

17-5 „ 

147-7 „ 

125-0 „ 

Dr. Main 

MoOonnoll ami Kidd ... 

B. Wemborg 

Bluniokc and Hour 
Tyndall and others . . . 
Bliimoko and Hess 
Blumoko and Hobs 
Blumckc and Hors 

Deoley. 

Deoloy. 

Wcinltog. 

Weinberg. 

Deoloy. 

Weinberg, 

Dooley. 

Deoloy, 

\ 


Hess lias also made observations on the visoosity of mixtures of ice and sand, 
and concludes that it is greater than that of pure ice. It is, however, not altogetlier 
certain that, under natural conditions in a glacier, the increased viscosity of the ice- 
cement may not be more tlian made up by the decrease in viscosity due to a higlier 
temperature, brought about by the heating efEeot of absorbed radiation. 

A very interesting outcome of the experiments carried out by !EIess on the bending 
of ice-bars in directions at right angles to the optic axis, is delineated in Fig. ] 78. Here 



the ordinates represent the distance the bar has been bent in millimetres and the 
abscissse the time in minutes since the load was applied, Hess expresses his results in 
the following form : — 

For small loads, rate of deformation = dajdt = aft. 

„ moderate „ „ ,, b. 

„ large „ „ „ ct; 

where.^ == time elapsed and a, b and c are constants. 
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Though, these eq[uafcioufl are by no means exact, still the tendency in glacier ice 
seems to be in the direction shown, viz., the motion for heavy loa^ increases with time, 
for moderate loads is constant, and for small loads decreases with time.* 

Perhaps some of the most interesting experiments on the viscosity of ice have been 
carried out by Hess and by Tammann-t Ice frozen in a steel tube was forced through 
a small orifice by pressure on a piston above, the whole apparatus being usually 
surrounded with snow. The results obtained by these investigators are set down in 
Table XXVI. It will be seen that the pressure necessary to keep up a constant 
flow is dependent both on the area of the hole through which the ice is forced out, 
and upon the temperature of the ice. 


Table XXVI. 


Area of Orifice. 

Pressure (Eg/om^). 

Ohange of Section. 


600 

14 :1 

78*6 

345 

9 :1 

113-0 

230 

6-3 :1 

223-0 

100 

3-1 :1 


30 

1-07:1 

113 

230 

Tomp. = 0°0. 'I 

113 

260 

-3“ to -0“ c. y 

113 

270 

-10” 0. J 


Temperature 0** 0. 

1 



In Kg. 179 are plotted some further results obtained by Hess, showing the way the 
velocity of flow through such orifices depends upon the load (temperature being constant). 

Roughly speaking, the motion is directly proportional to the pressure applied and 
inversely proportional to the difference between the pressure applied and that which 
must be applied to make the ice melt, or, m other words, to give it a very large velocity 
of outflow. In all these experiments by Hess, it is found that the velocity increased 
with lapse of time. 

Barnes, on page 66 of his ' loe-Ponnation,’ reproduces a very interesting curve 
obtained by Andrews, showing the penetrability of ice by a loaded piston at different 
temperatures. Roughly speaking, the penetration under the weight applied is inversely 
proportional to the difference between the melting temperature at atmospheric pressuxe 
and the actual temperature during the experiment. It is not, however, clear from 
Andrews’ paper in what respect time has been considered as a factor. 

Hess further investigated the change in gram size of ice squeezed in such an 
apparatus. This he did by counting the number of crystals at different places within 
the ice mass. In one experiment he found that the mean size of the crystals close to 

* Oompaie Nutting, * Joum. KankUn Inst.,’ May, 1921. Disj^oement 8 s where t » titno, 

F = applied foroe, and a, n and m are constants ind^endent ol s, t and E. 

t Hess, ‘ Die Gdetsoher,’ p. 28. 
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the periphery was 0-029 mm. and, in the centre, 0-020 mm. After the piece of ice had 
remained for several hours at the freezing temperature, it was squeezed through an 
opening, so as to suffer a change of diameter of nearly one-half. On re-counting the 
number of crystals, Hess found that the diameter of the crystals along the periphery 
was now 0-053 mm., and those in the centre 0-046 mm. Under these conditions, the 
crystals had therefore grown to almost double theu: size in the short space of a few 
hours. 

That the growth of some of the crystals inside a moss of ice does occur, even without 
the apparent assistance of pressure, is now recognised. The phenomenon may be seen 



daily on the n6v6 fields of tmy glacier in temperate climates, the larger (crystals growing 
from the fallen snow at the expense of the smaller, until some have reached a diameter 
of an inch or more. 

The rate of growth of crystals is of course largely conditioned by the temperature, 
but it is clear that, oven on the Ross Barrier, where the snow surface never rises to the 
freezing-point, the same process of growth is talcing place, though at a much slower pace 
than in more genial climates* 
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VIaU) T. — OumitliiB (11(111(1 (Ivor (Jnpo llaniOi Kuw ThIaikL 


nago7. 


i'Airffl hit Vonling, 



Plate n.--Chtmuliu Cloud over Alount doudmakorf Boardmoro Glaoior Roglon, 
Pago 7* tfJf Wright, 


489 





PAgo 24. 


Plate m. — Spray Bidges at Cape Bvoob, Bobb laland. 


Photo by D^onhttm, 



Plate TV. — l^ray Bidggs, Cape lEiTanB. 

^8® 2*. Photo by Ddionhim, 
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Plato VI. — Soft Hnow ftftot Groat Dooombor Blizzard, 1911, the 

Ijowor Boavdmoic Olooior. 

Pajo 27, Ptote by BcoU. 


Flats yn.— Foiy WaHs aftei Besembsi Himid on 
Baiiier, “ Cbriitoplisi ” D^t. 

Pm, ST. PkotcttWrii 
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Plate IX. — Ripple -marked Burfaoe after light wind. X f 

Page as. Photo tty Pouling, 



Plate X, ^Rip]^ed Surface of wet sea ice (after blizzard). 



if no 


l*7tolo by WrtffbL 




riato XII. — ^Torrttood Sastrufli. 


Pngu 36. 


Photo bv WrtahL 



Plato Xni.— Elongated Sutrogi on the Sea loo o£C Cape Evans. 


Pago 30. 


PAoto by Poniing» 
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Poeo 86. 


Plate XV. — MaiUed Sastnigly looking down wind, Bacne Qlaoior. 


Pholo btt PoiHing, 
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Plate XVXIL— Large drift in lee of Oape Etoxui Ent in Ootoberi 1012. 

97 , Photo iff Wright, 
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196 


Hsi'to TT'x f-— T^riffe on Seftwaid DFaoe of Snowdiift^lbe. Flato — Snow Coznioo. 

.PHoto hy WriffU. Tmgo 41 . - PHato ty WHffMt. 





Plate XXV. — Raised footmarks in blizzard snow after heavy 



Plate XXVX, 

rauo 01. 


-“Fluff-ball” Snow. 
(X 34) 


Plate XXVIT. — Wiutor Snow KonuH. 
(X JO) 

riHju 02, 


Pliile XXVIII.- 
ibyHlaln. 

I'liKe 117. 


Pinniito Fi*okI. 

( H) 



PJatu XXIX. — Piniialo FuMt Ci'yetpiilu. 
l*age 07. 


Plato XX X.- ~i''iiH(ueiilur ('i‘S'Hlnls. 

iiiao 07. 



Plate XXXII, — Frost CryntalM. {Nnlarttl wo'.) 

PhokHt hi! ^yriuU^ nrmjrf A'«, XXIX by Lt'vh'k. 


4:98 











Plato XXXIV.— Fog Crystal? 
(X2i) 

i*nna 07. 

IMnlr XXXM 1 . 

( W',vh(ii.Ih. 



XXXV. rnriiKMl 

nil (jliiMK. ( .< 0) 

I’liHi- ra. 


1‘lata XXXVr. — CryBtiilH formotl 
nil < tliiHH. ( X 10) 


I’lmi' 7ii. 


riato XXXVn.— FroBt Crvatol. 
(XIO) 

niH() 70. 


t T 
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XXXIX. — ^Fnwt Oiyatalfl. ( X B) XL, — ^Frost Co'atala. (X 6 ) 

I’liBn 71. Pholog bff JVright. 


1 Main XXX V III .—FiuhI UrwUiIa. ( X 8 ) 
I’liKi* 711. 


4:99 
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Plato XLVII. (>;2J) 


Plate XLVIII. 1 X 10) 



Pliiti* XI^IX. (X 10) 

I’llKH 71. 


li'i’OHt Ci'yetals. 


Plato Tj. ( X 40) 




I*aKe 72. 


Plato Lil.— Crystals from Crevasse. {Natural size.) 

Photos iff Wright. 
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Plate LSI.— Rutbing of Arabesque Ice. ( X i) Plate LXH.— Plasticine casts of cirotals fomed in an empty glacier stream bed. 

^ av (AfrtMra* sise.) 

Pa p. 76 . PMos Jty Wn^hL 
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84. 


Plato LXXI.— CiTHtalH in bucket. 

I*hdo by IVrig/U, 


Plate LXX.— Fraail 
Page 82. 


Ctystab dopoaitetl on a n)|)e. {lyaiumliHize.) 

VhUu h}f\]Vr\iiht» 
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PlaU-* LXXVI. N<‘wly-form<‘(l h(ni i<!(! showin^^ Htru<{ttiiv aiul variationa in 
truiiHpan'iH’.y of tln» (Tryaiak ('Hio wliito aiv ainall ioo flowers.) 

Vm Photo hn WrluhL 


Plate LXXVIL— Projecting blades on under suiiaee of thick aeaic 
l*ago 89. PMo hv ^VrlgM, 








Plate LXXXVI. — Spray icicles. 



Plaf<* LXXXIX. — icicles with aecretwins due to dejKwsited hoarfrost. 
Pag*> QS. JP/iOfo bff 



Plate XdL — TwO'Way 




Page 108. 


P/toia hjt Leviok. 


PItttt) XOVII.— Normal bubbly Glacier Ice. 
auos lie and 116 . ^ WHghU 


Plate XCVUI.— A Breccia of Glacier-loo in bubble-free loe. 
rage no. PHeto by Wright 
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lato C>.1 1.* - bulthloH in <lhi(M(*r Joo (liorizoniul ncxsliou). Plate CIIL— Elongated bubbles in Qlacierlce (vertical section). 

****'*^*‘ ^ by Wrinht, Pago 116. by WrigM. 



Plate OIV. — Compacted Snow. 

rag(! lie. Photo by Lmiok. 
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Plate CVI.--Striated boulder of soft rook issuing from the 
Bame Glacier face, Conformable lines of silt-bea;ring ioe 
are also visible. 

Page 131. Photo hy Wiighi. 
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Plato CVIII. — Higliland-Ioo iSkoot on Rowa Island. (Caiw lloyda is somowliat to the riglit but is not shown.) 
l>agc 141). phaio by Vontinu, 



riatr<» CIX. — lliglilantl-Ton Shoot on wont bank of Jk^arduioix^ (Jlacic^r, 
i-iy. Pamrnmt by \Vri\ihU 



Plato ex. — Cwm Glacier (Robertson Bay). 
l*ago 140. TeUpJuito by Ltfoick. 
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Plate 0 X 1 . — Low-level Owms at Glacier Ifsvol (BoaiYlmore 
Glacier). 

Pago 149. Photo bjj WtUjU, 
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Passe 157 , Plate CXX. — ^New Glacier, an Ice-Tongue in the Granite Harbour area. Phoio by Bdtenham. 







Plate CXXV. — Tlio Canada (ducit^ r, an (^x|>an(l(*<l foot Glacier 
in ihn Taylor Valhy area, 

Pago 156. by Ih'hfnhm, 

Plate CXXIV.— Glacier with. Ice-Apron near Comer Glacier. 

Photo bvPrttitley. 



Ktge 183. 


Htt. OXXW.-HigbJ«.d-I« M«.d (l„„ top 



Photo by Wright. 



dXXVlT. — ProHHurc^ rolls in a Oliwior modified by ablation and thaw. 

U)± Photo ftv PrlMln/, 



Plato ()XX VJIl. — Warning Olachn’ Ico-Tonguo (RoboiiHon Bay). 
l*nscj Ji>8, P/wto hy lA^oiclc, 



Plate CXXIX.~Erobus Bay Ice-Tongue (‘‘Glacier Tongue >•) from Turk’s 
Head, showing ‘'rolls,*' with Hut Point Peninsula behind. 
l*ago 100. Photo by Wtiglit. 
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Plate eXXX. — Bamo Glaeier Face. 

^8® 202. PMo by WrigM. 


Plate CXXXIL— The Ross Barrier, near Amundsen’s Winter Quarters, 
shotring the “ Pram.” 

PAoio bfJPriesIleg. 
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Plate GXXXVm. — RaUroad Moraine on Boomerang Glacier. Plate CXXXIX. — ^Lateral Moraine of Comer Glacier. 

Page 225. * PAoto hy Lniclc, Page 225. PAato hy PriesUey. 








Paso 225. 


Plate CXL. — Lateml MToKuinc of Comer Olaoier. 


hjf Prlfutlfy - 



l*latt> OXILII. — Snowdnf ts in loo of Boaldora. 


Pago 226. 


52 » 


I'liotobi/ !titt/lor. 
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Plate CXLV. — Glacier Table. 








Plato OLV. — Icoborg with double niuionfonuity. Not^^ HorioH of (^rov 
coniincd to lower Htratii only (llobortHou Bay, Octobi^r, 1911). 
I*ago 2.35. * hy 


Plato OLIV,— Barn(‘ ({laci<‘r, showing unconforniity. Ciwossoa 
chiefly confined to lower strata (Rosa Island). 

Page 235. Photo by Wrl\jih\, 



Plato CLVI .—Concentric Stratification round exposed rock bluff shown by silt bauds 
(Root of Warning Glacier, Robertson Bay), 
l^agti 237. Photo hy Leviek 
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Plate CLVIL— Re-oemented Crevasses orlce-Dykos (Warning Glacier). 

289 . riiiAo hji h'Hi't. 



Plato CLVin.— Re-oemented Cievaases or loe-Dykes (Warning Glacier). 
Page S39. 

Photo by Leoick. 



Plate CLIX. Curved Air-tnlws in a bI(K;k of nearly clear ice (Lateral 
Moraine of Koottlitz Glacier). 


Page 210. 


PMo by WriyU. 
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Plate CI*X. 
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Plate CLXIV. — An Ovenold in Glacier-Ice (Warning Glacier). 

Photo hy Lmeh 




(* . 


f.' 1 Ak!^ ■ 












Plate CLXV. — Overfold in Glacier-Ice (Bame Glacier). 

PMo by Wright. 

< > *'' / > , - >-.■ 


Plate CLXVI. — Longitudinal Pressure Ridges in the Koettlitz 
Glacier (opposite Heald Island), 

Page 26X. Photo by Wright* 
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Plate CLXIX. — ^Regular transveise CreTasses at the entrance of tho Priestley 
Glacier (Terra Nova Bay area). 

P^ge 254 . by PneaOey, 




Plate CLXXI.-A Hidden Cievaese. 

Page 264. Photo by PHeiOiy. 
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Plato CLXX V,-A Barranoiu 


2r»7. 


Phi^o h}i Prhtillvji 
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Plate CIjXXVI. — C omer Glooior Latui'al Moiiuno, ehowing 

Hide of Glacier. 

Page 260. Z’Aoto by J*rieiHey. 



Plate CLXXVII.-- -Vertical Wall <>f Bartio (ilaoior* 


Page 200. 


f*/niln by \VriuM» 





P&geSOO. 


Plate OLXXVIU. — ^Vertical Glaoier Pooe. 

Photo by Loeiek. 
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Hato OLXXIX.— Ablation ViU (t<i|i of UoftKlmom aiwilor.* 
Buolcloy luUuid boliiiitl). 

j>ago 271 . J'hHin bj/ WrtfiM: 


IMah^ <jrjXXX. — ^Aldfttlou anil Umwtoil Htwittin. boclH 

(ICiwtllitK <na«ior). 

:L>aKn27L. Vbtilo bv WHybt. 



Plato CLXXXI. — PloiiglutUaro Ablation Pita and doaorbod 
Btreom ohonnela (Knottlite Glooior). 

Pago 271. Photo bv Wright, 


Plato CIjXXXH. — P longhahato Ablation Pita, 

Pago 271. P*®*® ^yrh/hi. 
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Plato CLXXXIII. — ^Weathering of rook from ioe, due oliieflj to wind ootion. 
Pago S70. PAoto by Wright. 



Hate CLXXXiy.— Weathezisg of sand from ioe, due to 

wind action. 

A«e27e. . .. Photo by Wright. 
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Plote CXC. 


Plato CXd. 



ITbge 283. 


Piniiualod Ico (Kuettlitz Glaoior). 


Pfiotwt bjf lirhfiihtim. 




Plato OXdll. — Lateral Mnraino of Kuettlitz (.llAoler and 

underlying ioe. 

287. I‘knlo hff lirltfHfuiin. 


Plate oxen. — Ablation on northom side of Ioe Bidgoa 
(Koettlitz Qlaoier, just bdov Heald Nunatak). 

^ 286. PMo by Wrtfffit, 


644 






Plato OXOIV. — loo boooatU LatiMul Momiuo of KoottliUs Gllaou;! 
(only a tliin vunoor of ntok ilubrUi uvorlloH tlio hoUcI iuo}* 

Plogo gB7< Vhi^u by DAmhmn, 


Plato CXf.lV. — PoiiiUuit Ino (hUIo of ilj’ormr (lliioior). 
rngi' 288. Photo by Wrtyhl, 







m ■■ '■ , 


PagoSHa. 


Plato CX(^VI. — riniioolotl loo on an loofout* 


l^kolo by Tiffiick, 
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Pvtfi 800 , 


Plftte CCV dro wth of Ioe*foot at the siiriaoe of t.ho water. 

648 


Photo hy D^mthiim, 






l>lat« (JOVU.- gtago in. disBolntion of loo-foot (Cope Bvhiib). jPemiii,. 
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Plate CCX.— Stranded Floe Ice-foot (Cape Adaie). Hate CC3X— Stranded Hoe loe-foot (Cape Adaie), 

8®7. PMo flv icrfi*. Eige 307. j 









Plfttc CCXVIi^Sinftll strOiiidod flooB on tlio bonoh Oit Cftpo Adnro. 

Pftjo S12. Iteeith 



Plate CCXVII.— flwan Ice on Cape Adore Ice -foot, 

PAotoft*iPriM%. 


662 










Plate COXXIIL— Spray loe-foot only a fow yattia wido. 
315. PAoto hy Leolelt. 


PlaU> < !< !X X I V, 'I’idopidi* ( '«»vc* (( ‘ii pf* AdiHf ). 
Vago m 



Plate GCXXV. — ^An loe Block split by temporatun* ohango. 

Pose 820. Photo hy Lepick. 


664 



556 


2b2 




Page 820. 


Plate COXXS. — Showing the method of fonnation of oompound Pancake loe. 


hy Foniing, 


6D6 



IMat43 (^( 'X X X r. — Too Klciwore fiirmeil on now Roa loa. 


I'nflv nuu. 


Photo by Debenhtm, 



Page iWj>. ^ 
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rage 348. 


Plato CCXXXni, — ^Tho offoot of ptosanro npnii tliia St'a I(m. 

hji Dilwiihtm. 



« 




Plate CCXXXIV . — ^Badgea and Trougha pamllol to the shore 
foimed by pressure in old Sea Ice (MoMuido Soimd). 

Page 844. Wrigit. 


Page 344. 


Plate CCXXXV. — Pressure Bidgo at Capo Allure. 

I Pbalo bn Leriet, 
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P««e 370. 


Plate CCXIjVI. — ^D iaperaion uf Rotton-Ioe. 


7*Aoto hy 
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Vago 303. 


Pinto COT* — Lnvol-Too joHt nftor hi’oiikiiiK. 


/Virj/fi hjt Vuitling. 



rngc 803. 


Plate ecu.— Typical Hiimmooky and Level-Ioe Floes. 

664: 


PlioUt hy Po}Uliig. 








dOIJI.— 'A V\iAi\ (»f Pack-loo 

lijijp. mill, Phoio hy PrhKUey. 



Plato CCMII.—A Crack in Pack-Ice. 


PJicric Pouting. 


I’aRo flDi). 
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Page 808. 


Plato CCLV.—A Pool in Paok-Ioo. 
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Photo by Ponlina, 




PuHoJtll I . 


IMalr ClMiVI. TIh' “ 'IVmi N«)Vii ** Ixwliln a l-Tummooky irioo. 


I 




1*aKu iiiu. 


Plato CJfJTjVIl. — Clone Pack. 

Phcio bv Lmiiek. 


Pholo by PonHug. 
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Patiu 304. 


Plato CCLVIll.— Opon Paok. 


Phuto bjf Potilitio. 




Pago 804 


Plato CCUX.— 'Drift -loe. 
568 


PAolo hy Pouting, 







PniKt' !Ui I . 


PMo by 



Plato CCLXT.— BraBh-Ioo between Plocs. 


Photo ^ Ponling, 
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Bi«e304. 


Plate COLXII. — Hmall Qrowlor, 


hg fUtutin\u 



■111 




Pngo 304. 


Plate CCLXIII.— Eotten-Ioo. 
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tifi I'uitliuff, 




I’lnto CCLXIV.— Hiimll riumini»(iUy-l''liH', 

[luge 307 . rrknlb'ii. 
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Plage 406. 


Plato CCLXVL— looborg with coatin« (rf SealBpiuy. 

C71 


2*hoto hv PoHlinif, 
















1’l.itp ('CI.X X. 


Calviiij.' Ilf a fragmont of a ({looicr to form an looborg. 


Photo bff Ponlittg. 



I’ngn -tOH. 


l*lalij OtJLXXJ. —IwlKins ttlio\Wng gnbmarino epur to the left. 


PAoto iff PoffHfVt 
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Bi4{u 4t!U. 


Plate CCLXXH. — Showing uncbrouttiiig of an loolx^rg by hoiv wuUm'. 


Tth'iihtilo ha Vu tiling. 



Pigo 408 . OOIiXXIII.— loobei* Bhowins unilorouttiag by sea water. 

674 


Pfudu bg Ponlittg, 






Plato CCTjXXVII. — Cnvo in Icebei^duo to displnocmont of t<iti jMirtioii (lc*fl.) of tl»i* liorK *ni liltiii.;! 
through ii> laige angle. (Nuto diiforenoc in texturr* of tlu\ two porLlmiH oT tlio Iiorg. ) 

Parc 400. hft t'uitlimj. 



Plate CJOLXXVUI. — Oabioal Bemnonta standing up after oollar>ac of portlunn t»f 
_ on. loebeig. 

PffflttAlO. I^hoto bg JPrieaitey, 
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IMiito {'('LXXIX.— Tho of jointing on tho weathoring of an loebeig. 

'I'aMU 4 UU Photo bif laviiA, 
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^StoCmlxXJO^ItoMj^ looboig. Ulwtettting m»tEod'ol fotmaljon a* Bwaa-Icoj^^ ^ 


2 D 


I’agc 411. 
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(HMiXXX V. (llivnior IwIkh^?. 


Pkulo hv Pouting, 



VlaUf COLXXXVr.— Wlooicr Icoboi-g. 

VMo hu hoolrt, 

ratio 41H. 
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l?!Bge414. 


Plato CGLXXXVIT. — Icjo lalaiKl looborg. 


bff Pyntinfft 



Page 4t6. 


Plate OOLXXXVm.— N676 Bei^. 


PMitlin trrtfh. 
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I'nwt 410. 


COLXXXrX- Woftthoiod ImUigL 






i’laUs C’CXU— Wofttbumd lo«boig« 


Photo by PonUfiff. 
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